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Preface

Despite more than 200 years of sulfur research the chemistry of elemental
sulfur and sulfur-rich compounds is still full of “white spots” which have to
be filled in with solid knowledge and reliable data. This situation is particu-
larly regrettable since elemental sulfur is one of the most important raw ma-
terials of the chemical industry produced in record-breaking quantities of
ca. 35 million tons annually worldwide and mainly used for the production
of sulfuric acid.

Fortunately, enormous progress has been made during the last 30 years in
the understanding of the “yellow element”. As the result of extensive interna-
tional research activities sulfur has now become the element with the largest
number of allotropes, the element with the largest number of binary oxides, and
also the element with the largest number of binary nitrides. Sulfur, a typical
non-metal, has been found to become a metal at high pressure and is even
superconducting at 10 K under a pressure of 93 GPa and at 17 K at 260 GPa,
respectively. This is the highest critical temperature of all chemical elements.
Actually, the pressure-temperature phase diagram of sulfur is one of the most
complicated of all elements and still needs further investigation.

Sulfur compounds have long been recognized as important for all life since
sulfur atoms are components of many important biologically active molecules
including amino acids, proteins, hormones and enzymes. All these compounds
take part in the global geobiochemical cycle of sulfur and in this way influence
even the earth’s climate. In interstellar space, on other planets as well as on
some of their moons have elemental sulfur and/or sulfur compounds also been
detected. The best known example in this context is probably Iupiter’s moon Io,
first observed by Galileo Galilei in 1610, which according to modern spectro-
scopic observations made from the ground as well as from spacecrafts is one of
the most active bodys in the solar system with quite a number of sulfur volca-
noes powered by sulfur dioxide and spraying liquid sulfur onto the very cold
surface of this moon.

The general importance of sulfur chemistry is reflected in the long list of
monographs on special topics published continuously, as well as in the huge
number of original papers on sulfur related topics which appear every year. Reg-
ularly are international conferences on organic and inorganic sulfur chemistry
held, and specialized journals cover the progress in these areas.

In Volumes 230 and 231 of Topics in Current Chemistry eleven experts in the
field report on the recent progress in the chemistry and physics of elemental
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VIII Preface

sulfur in the solid, liquid, gaseous and colloidal form, on oxidation products of
elemental sulfur such as polyatomic sulfur cations and sulfur-rich oxides which
both exhibit very unusual structures, on classical reduction products such as
polysulfide dianions and radical anions as well as on their interesting coordina-
tion chemistry. Furthermore, the long homologous series of the polysulfanes
and their industrial significance are covered, and novel methods for the removal
of poisonous sulfur compounds from wastegases and wastewaters in bioreactors
taking advantage of the enzymatic activities of sulfur bacteria are reviewed. In
addition, the modern ideas on the bonding in compounds containing sulfur-sul-
fur bonds are outlined.

The literature is covered up to the beginning of the year 2003. A list of useful
previous reviews and monographs related to the chemistry of sulfur-rich com-
pounds including elemental sulfur is available on-line as suplementary material
to these Volumes.

As the guest-editor of Volumes 230 and 231, I have worked for 40 years in
basic research on sulfur chemistry, and I am grateful to my coworkers whose
names appear in the references, for their skillful experimental and theoretical
work. But my current contributions to these Volumes would not have been pos-
sible without the continuous encouragement and assistance of my wife Yana
who also took care of some of the graphical work. The constructive cooperation
of all the co-authors and of Springer-Verlag, Heidelberg, is gratefully acknowl-
edged.

Berlin, April 2003 Ralf Steudel
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Quantum-Chemical Calculations
of Sulfur-Rich Compounds
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Abstract In this chapter, we review the application of quantum-chemical calculations to a
range of sulfur-rich compounds, including disulfane, polysulfanes, sulfur clusters and their
cations, anions and protonated forms, as well as sulfur-sulfur three-electron bonded sys-
tems. Special emphasis is placed on their roles in understanding the molecular structures,
thermochemical properties, chemical bonding and reaction mechanisms of this class of
compounds.
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2 Ming Wah Wong

1
Introduction

The field of quantum chemistry has witnessed dramatic developments in the
past decades, which led to the emergence of many novel theoretical tech-
niques. Theoretical calculations using a variety of computational methods,
ranging from force field, semiempirical [1], ab initio [2] to density function-
al [3] methods, have been reported for numerous sulfur-rich compounds.
These quantum-chemical calculations were employed to determine molecu-
lar structures, vibrational frequencies and one-electron properties. They
were also used to investigate problems related to reaction energies and ther-
mochemical data. In particular, they have been used extensively to make
predictions of bond dissociation energies, ionisation energies, electron
affinities, appearance energies, proton affinities and enthalpies of formation.
Several quantum-chemical studies aimed to explore potential energy sur-
faces, particularly the characterization of transition states, which allow the
determination of activation energies and thus the understanding of the
mechanism of complex reactions.

Many of the sulfur-rich compounds considered in this chapter are unsta-
ble reactive species so that important properties such as geometrical struc-
tures, vibrational spectra and reaction energies are difficult to obtain experi-
mentally and remain uncertain. In these cases, theory is particularly suited
to provide the necessary complementary information to understand and in-
terpret the experimental observations for these systems.

2
Computational Methods

Before 1980, force field and semiempircal methods (such as CNDO, MNDO,
AMLI, etc.) [1] were used exclusively to study sulfur-containing compounds
due to the lack of computer resources and due to inefficient quantum-chem-
ical programs. Unfortunately, these computational methods are rather limit-
ed in their reliability. The majority of the theoretical studies under this re-
view utilized ab initio MO methods [2]. Not only ab initio MO theory is
more reliable, but also it has the desirable feature of not relying on experi-
mental parameters. As a consequence, ab initio MO methods are applicable
to any systems of interest, particularly for novel species and transition
states.

The choice of basis set in ab initio calculations has been the subject of nu-
merous theoretical studies. Early SCF calculations utilized mainly split-va-
lence basis sets such as 3-21G and 4-31G. The importance of inclusion of d
polarization functions on sulfur atoms has been stressed by several authors.
For instance, Suleimenov and Ha found that the omission of d polarization
functions leads to a substantially lower barrier for the internal rotation
(~16 k] mol! for the central bond of H,S,) and produces an unrealistically
large S-S bond length for the most stable rotamer [4]. In general, the use of
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split-valence polarized basis sets (e.g. 6-31G*) is sufficient for the purpose
of geometry optimisation. Inclusion of diffuse functions is desirable for
studying anions and three-electron bonded species. Magnusson and Schae-
fer noted that multiple d functions are particularly important for second-
row atoms if they are in high formal oxidation states [5]. For calculations of
very large system, the use of the effective core potential (ECP) provides an
alternative to the more demanding all-electron basis sets. In the ECP basis
sets, the effect of the inner (or core) electrons is approximated by a set of
potential functions.

For “normal” sulfur-containing compounds, the Hartree-Fock (HF) meth-
od reproduces the experimental geometries reasonably well. However, for
systems containing highly electronegative elements and systems containing
hypervalent atoms, optimisations at a correlated level lead to significant
changes in geometries from the HF results. For example, HF calculations
failed to predict the short S-S bond length in FSSF [6]. Furthermore, it failed
to predict the correct stability order of the two S,F, isomers (FSSF and
F,S=S). Incorporation of the electron correlation at the MP2 level of theory
resolved the two major defects in the HF results.

To obtain a satisfactory evaluation of relative energies, especially for the
computation of activation barriers, higher levels of theory than those needed
to obtain the underlying geometries are usually required. MP2 is the most
economical and popular method of incorporation electron correlation. For a
more accurate theoretical estimate, higher-level of correlation treatment
such as QCISD(T) or CCSD(T) theory is desirable.

Extensive comparisons of experimental frequencies with HF, MP2 and
DFT results have been reported [7-10]. Calculated harmonic vibrational fre-
quencies generally overestimate the wavenumbers of the fundamental vibra-
tions. Given the systematic nature of the errors, calculated raw frequencies
are usually scaled uniformly by a scaling factor for comparison with the ex-
perimental data.

To predict thermochemical data with an accuracy of +8 k] mol™}, quan-
tum-chemical calculations using high-level correlation methods, such as
QCISD(T) and CCSD(T), in conjugation with very large basis sets are re-
quired. The Gaussian series of theories (G1, G2 and G3) by Pople et al. [11]
as well as the complete basis set (CBS) methods of Petersson et al. (e.g. CBS-
4, CBS-Q, CBS-APNO, etc.) [12] are the most popular composite methods
for computing thermochemical data. In these composite methods, a basis-
set additivity approximation is employed to obtain an effective energy corre-
sponding to the QCISD(T) level with a very large basis set. The methods GI,
G2 and G3 as well as their variants have been applied to many molecular
systems and in most cases quite successful.

Quantum-chemical calculations which utilize the density functional theo-
ry (DFT) are now perhaps amongst the most frequently performed because
of their relatively low cost and high accuracy. Structural results obtained
from DFT based methods are often as good as those derived from MP2 cal-
culations. It is well documented that DFT methods, especially those involv-
ing hybrid functionals such as B3LYP, B3P86 and B3PW91, yield reliable
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structures and vibrational frequencies for organic and inorganic compounds
as well as transition metal complexes [13]. It seems that DFT has adopted
the role of a standard tool for the prediction of molecular structures. For in-
stance, the new variants of G3, namely G3X and G3X(MP2) [14], utilize the
B3LYP/6-31G(2df,p) level for geometry optimisations as well as for frequen-
cy calculations.

In this review, we consider the application of quantum-chemical calcula-
tions to a range of sulfur-rich compounds. The empirical, semiempirical and
ab initio MO calculations published before 1980 are considered rather inad-
equate. Therefore, theoretical calculations before 1980 will not be mentioned
in detail here.

3
Disulfane H,S, and its Derivatives

The S-S bond between two divalent sulfur atoms plays an important role as
the main stabilizer of the tertiary structure of many proteins. The simplest
chemically stable compounds of this class are HSSH and CH3;SSCH3. The
structures of these two disulfanes have been established by microwave spec-
troscopy and electron diffraction experiments.

H,S, (hydrogenpersulfide), the smallest member of the polysulfane series
[15], has been studied extensively by molecular spectroscopy and theoretical
calculations [16] (and references therein). By now, accurate knowledge of its
structure, torsional potential and vibrational modes has been established.
AD initio calculations readily reproduce these properties [17]. The value of
the SSH angle in hydrogen disulfide was a subject of controversies for some
time. However, recent experiments led to a different value which is in favour
of the ab initio calculated value [17].

Early SCF studies [18, 19] on dimethyl disulfane (CH;SSCH3;) employed
medium-sized basis sets to predict its molecular structure and electronic
properties. These studies demonstrated the importance of adding d polariza-
tion functions to the double-zeta type of basis sets. Li et al. have calculated
the adiabatic ionisation energy of dimethyl disulfane using high-level
G2(MP2) theory [20]. Their calculated value of 8.15 eV is in pleasing agree-
ment with their measured value (8.18+0.03 eV), determined from pulsed
molecular beam photoionisation mass spectrometric experiments. In con-
trast to the neutral disulfane which has only one stable structure of C, sym-
metry, the CH3SSCH; ™ radical cation has two stable planar conformations:
the trans (C,,) and the cis (C,y) form. The trans-conformer is predicted to
be slightly more stable, by 16 k] mol™'. The G2(MP2) rotational barriers
around the S-S bond of CH3SSCHj are predicted to be 47 (trans) and 24
(cis) k] mol™!, respectively.

It is well established that disulfur difluoride (S,F,) exists in two isomeric
forms, the nonplanar disulfane FSSF and the branched thiosulfoxide form
F,S=S, with the latter found to be the more stable isomer. Both isomers have
been characterized by microwave spectroscopy, mass spectrometry, infrared
and Raman spectroscopy as well as photoelectron spectra [6] (and refer-
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ences therein). Marsden and co-workers re-determined the structures of
both S,F, isomers based on a joint analysis of electronic diffraction data and
rotational constants reported in the literature [6]. Extensive ab initio calcu-
lations were also carried out for both FSSF and F,S=S in parallel with their
experimental work. Reliable prediction of the molecular geometry of FSSF
represented a major challenge to quantum-mechanical calculations a decade
ago. Early semiempirical calculations [6] (and references therein) are rather
poor in reproducing the experimental S-S bond length. SCF calculations em-
ploying a triple-zeta basis set with multiple polarization functions also failed
to reproduce the spectacularly short S-S distance. It is too long by 45 pm
even at the Hartree-Fock limit. On the other hand, inclusion of electron cor-
relation at the MP2 level led to a substantial improvement to the geometry
predicted for FSSE. At the SCF level, FSSF is predicted to be more stable than
F,S=S, though by decreasing amounts as the basis quality improved. Experi-
mentally the opposite order has been established.

Solouki and Bock reported the first theoretical study on the isomerization
reaction

X—-S—S—X"X,S=S$

of several disulfanes (X=H, F, Cl) using semiempircal CNDO calculations
[21]. A more comprehensive study employing ab initio and density func-
tional calculations was reported subsequently by Bickelhaupt, Sola and
Schleyer [22]. The disulfane isomers are found to be more stable than the
corresponding thiosulfoxides, and X,S=S becomes less stable with respect to
XSSX, and the S-S bond elongates along the series X=F, Cl, CH; and H.
These authors interpreted their results by means of a natural population
analysis (e.g. the interaction between the formal disulfur moiety S,” and the
two univalent substituents X'). The bonding in the hypervalent X,S=S spe-
cies is similar to the bonding in the nonhypervalent XSSX and does not in-
volve a special role for the sulfur-3d orbitals. Schleyer et al. also showed that
the DFT and conventional ab initio results on optimised structures and
isomerization energies agree well.

The relative stabilities of RSSR and R,S=S for R=OH and SH have been
determined by Steudel and co-workers [23, 24]. At the MP2/6-311G**//HF/
6-311G*™*+ZPE level of theory, (HO),S=S (thiosulfurous acid) is just
13 k] mol™! less stable than the chain-like isomer HOSSOH (dihydroxydisul-
fane) [23]. For R=SH, (HS),S=S is less stable than the corresponding trisul-
fane HSSSH by 132 k] mol™! (MP2/6-31G*//HF/4-31G) [24].

Thionylfluoride F,S=S is one of the few examples of a stable compound
containing an S=S double bond. Steudel et al. explored the stabilities of or-
ganic thiosulfoxides R,S=S (R=H, Me, Pr, All), using ab initio MP2/6-
311G** calculations [25]. These authors determined the structures and ener-
gies of organic thiosulfoxides as well as the activation energies for their for-
mation from the corresponding disulfanes. H,S=S is calculated to be 143 kJ
mol™! less stable than HSSH, and separated by an activation barrier of
210 k] mol !, Likewise, Me,S=S is 84 k] mol™' higher in energy than
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MeSSMe and inhibited to isomerise by a significantly larger isomerization
barrier of 340 k] mol™'. Thus, both H,S=S and Me,S=S$ are predicted to be
kinetically stable toward unimolecular isomerization and should be experi-
mentally observable in the gas phase or after matrix isolation. HF/6-31G*
calculations indicate that the allyl analogue has a similar R,S=S/RSSR energy
difference but a substantially lower activation barrier (110 k] mol™!) for re-
arrangement [25].

The existence of organic thiosulfoxides X,S=S (X=H, CH; and C,H;) was
proven recently by Flammang et al. using a combination of tandem mass
spectrometry methodologies in conjunction with neutralization-reionisation
and ion-molecule reactions [26]. The corresponding radical cations were
also observed in the MS experiments. Ab initio calculations at the MP2/6-
311+G**//MP2/6-31G*+ZPE level were also employed to investigate the po-
tential energy surface for isomerization of the ionised disulfanes. Flammang
et al. found that the ionised thiosulfoxides (X,SS*) and disulfanes (XSSX'*)
are stable energy minima, with the disulfane isomers being more stable (by
91, 65 and 59 k] mol™! for X=H, CH; and C,Hs, respectively). The energy
difference between the two isomers is significantly smaller than with their
neutral counterparts. In sharp contrast to the neutral RSSR molecules, the
RSSR'* radical cations are calculated to have a trans-planar chain conforma-
tion, which can be explained by the formation of a three-electron 7 bond.
Isomerization of XSSX™ to X,SS™, via a simple 1,2-X shift, is calculated to
have a moderate energy barrier (197, 262 and 233 kJ mol™! for X=H, CHj
and C,Hs, respectively). Thus, the calculated kinetic stabilities support the
observation of both isomeric ionic structures.

The isomerization of disulfanes to thiosulfoxides has been studied by sev-
eral groups [17, 21, 23, 27-29]. The theoretical estimates of their activation
energies indicate that the unimolecular uncatalysed isomerization of disul-
fanes to thiosulfoxides will not take place at low temperatures. With such a
high energy barrier, interconversion of F,S=S and FSSF via an unimolecular
rearrangement is unlikely to happen under the normal experimental condi-
tions. Therefore, Schleyer et al. proposed an alternative bimolecular mecha-
nism for which lower-energy transition states can be conceived. The effect
of solvation on the rearrangement reaction

S = SF, — FSSF

has been investigated by Toro-Labbe using DFT calculations [29]. Their re-
sult suggests that this intramolecular rearrangement reaction is thermody-
namically and kinetically more favourable in solution.

Cooper et al. [30] were successful in rationalizing the striking variation in
the S-S equilibrium bond lengths of FSSF (189.0 pm), CISSCI (195.0 pm) and
HSSH (205.5 pm) using the spin coupled (modern valence bond) theory. In
the disulfur dihalides, but not for HSSH, incipient hypercoordinate charac-
ter is observed at sulfur, with two partial z-like interactions in approximate-
ly perpendicular planes, and some antibonding character in the S-X (X=F or
Cl) bonds. In other words, it is the form of z-like orbitals that is most rele-
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vant to the experimental observation of a short S-S separation and of rela-
tively long S-F bonds in FSSFE. The degree of delocalisation of electron densi-
ty from the z-like orbital onto the neighbouring sulfur atom follows the or-
der expected from the S-S bond lengths, i.e. FSSF>CISSCI>HSSH.

The SS bond in thiosulfoxides may be considered as either “double” or
“semipolar” depending on the electronegativity of the substituents [25]; see
Scheme 1.

Scheme 1

The calculated (MP2/6-311G**) S-S bond distances for H,SS and Me,SS
are 201.8 and 200.3 pm, respectively. The experimental value for F,S=S is
185.6 pm, while the thiosulfite (RO),S=S has an S-S bond length of
190.1 pm. These data can be rationalized in terms of the inductive effect of
R on the polarisable sulfur atoms.

4
Polysulfanes H,S,,

It is well established that sulfur compounds as well as elemental sulfur have
the tendency to form long chain molecules. All of these substances can be
regarded as derivatives of the hydrogen polysulfanes (or polysulfanes) H,S,.
Polysulfanes form a long series of homologous chain-like molecules since
the number 7 can assume any value. S-S and S-H bonds are frequently found
in chemical and biological systems. Thus, polysulfanes have been the subject
of numerous experimental and theoretical studies (for a recent review, see
[15]).

The lower members of the polysulfane series with #=2—6 have been pre-
pared as pure compounds, while all members with #n values up to 35 have
been detected by 'H-NMR spectroscopy in so-called “crude sulfane” [31].
The gas-phase structures of the first three members of the polysulfane series
are well established from either microwave spectra (H,S, [32], H,S; [33]) or
high-level ab initio MO calculations (H,S, [34]). Systematic ab initio studies
of the structures, vibrational frequencies and heats of formation of H,S,
with 7 up to 6 have also been reported [4, 16].

While H,S, adopts a conformation of C, symmetry similar to that of
H,0,, H,S; and probably also H,S4 exist as equilibrium mixtures of several
conformational isomers of almost identical energy. All polysulfane mole-
cules are characterized by torsional angles at the S-S bonds of ~90° (£10°),
but these angles may be positive or negative resulting in the different confor-
mational isomers. Thus, hydrogen trisulfide, H,S; may exist in two confor-
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bd Bty

H282 (CZ:J H254 (+ ++, Cz)
H,S3 (++, Cy) HaS4 (++-, Cy)
H2S3 (+-, C) HpS4 (+-+, Co)

Fig. 1 Conformers of H,S,, H,S; and H,S,

mations: trans (motif ++, C, symmetry) and cis (+—, C; symmetry) (Fig. 1).
The best theoretical treatments of H,S; correspond to the MP2/MC-
311G(d,p) and QCISD/MC-311G(d,p) calculations of Winnewisser, Cremer
and co-workers [35]. Both conformers were found to lie very close in energy,
with a slight preference of the trans-form, by 1.0 k] mol™’. This theoretical
prediction was nicely confirmed by their experiments, which yielded an esti-
mate of 1.3 k] mol™! for the cis/trans energy difference. The relative stability
of the trans-conformer was attributed to the favourable alignment of S-H
bond dipoles. The increase in S-S bond lengths on going from H,S, to H,S;
can be explained by the anomeric delocalisation of electron lone pairs at the
terminal sulfur atoms. The trans-form of H,S; was first characterized by
millimetre wave and infrared Fourier transform spectroscopy [35]. Subse-
quently, the gas-phase molecular structures of both cis- and trans-forms
were finally characterized by their rotational spectra [32]. The MP2/MC-
311G(d,p) structural parameters are in pleasing agreement with the ob-
served rg structures. In addition, the ratio of the calculated dipole moments
u(cis)=2.02 D and p(trans)=0.68 D, is also in excellent accord with the exper-
imental ratio of 2.7.

The structures, energies, torsional barriers and vibrational spectra of
three rotamers of tetrasulfane, H,S;, have been examined by Drozdova,
Miaskiewicz and Steudel at the MP2/6-311G** level [34]. Surprisingly, the
cis-trans conformation (motif ++—; symmetry C;) is found to be most sta-
ble, followed by the all-cis form (+—+; symmetry C,), while the helical all-
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trans (motif +++; symmetry C,) is least stable, by 0.7 k] mol™" (Fig. 1). This
energy increases to 2.4 k] mol™! at the CCSD(T)/ANO-DZ//MP2-6-311G**
level of theory [36]. This calculated stability order demonstrates that the fre-
quently cited statement that “the structure of highest symmetry is the most
stable one” is not always correct. It is worth noting that organic polysulfanes
R-S,-R with n=4-7 and 9 exist as either helical or non-helical rotamers in
the solid state [37]. The predicted cis- and trans-rotational barriers of H,S,
are 32 and 27 kJ mol™! (31 and 24 kJ mol™! at the CCSD(T)/ANO-DZ//MP2-
6-311G** level of theory [36]. The geometries of the two rotational transition
states display an interesting bond distance pattern: the central S-S bond is
considerably elongated while the terminal S-S bonds are shortened. This
bond alternation was explained by a hyperconjugation between the 3p, lone
pairs at the two terminal sulfur atoms with the 0* molecular orbital of the
two central sulfur atoms [34].

The general structural features of long-chain polysulfanes can be deduced
from the MP2/6-31G* geometries of the helical structures of H,S, (n=1-6)
[4]. The S-S bond lengths agree well with the commonly accepted value of
S-S single bond (206 pm). The calculated ellipticities, which reflect the #
characters, of the sulfur chain bonds are close to zero. However, the calculat-
ed AIM bond orders are ~1.28. All bond angles are calculated to be between
107.0° and 107.5° while the dihedral angles are between 79.0° and 90.4°.
These dihedral angles are largely governed by the requirement of the mini-
mal repulsions between lone pairs on the sulfur atoms.

Suleimenov and Ha have used high-level G2 and CBS-Q ab initio methods
to study the thermochemical properties of gaseous polysulfanes (H,S,,
n=1-6) [4]. The enthalpy of formation were calculated from atomisation en-
ergies and from enthalpies of dehydrogenation reactions such as shown in

Eq. (1):
TleS—’HzSn—F(Tl— I)Hz (l)

The G2 enthalpies of formation using the atomisation enthalpies are sig-
nificantly different from the experimental values, but the CBS-Q values are
in good agreement with the experimental data. In distinct contrast, G2 theo-
ry performs extremely well comparing to the CBS-Q theory for the calcula-
tion of the heats of formation obtained from the enthalpies of dehydrogena-
tion reactions. This can be explained partially by the cancelling out of em-
pirical corrections for polysulfane hydrogenation reactions at the G2 level.
The calculated mean bond energies (B.E.) from CBS-Q calculations are
B.E.(H-S)=348 k] mol~! and B.E.(S-S)=266 k] mol™".

The gas-phase acidities AG,;q(298 K) of the first four members of the
polysulfanes H,S, (n=1—4) have been investigated by Otto and Steudel using
high-level G2 and G2(MP2) methods [38]. Although hydrogen sulfide H,S is
known to be a weak acid in water with a pK, value of 7, in the gas-phase the
higher polysulfanes are predicted to be strong proton donors. The gas-phase
acidities are defined as the Gibbs energies of the deprotonation reaction and
are computed follows (in kJ mol™):
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H,S (1444), H,S, (1406), H,S; (1370), H,S, (1347)

The latter values may be compared to those of other strong Brensted ac-
ids like gaseous HNO, (1396), HCI (1371) and HBr (1332), the gas-phase
acidities of which are given in parentheses. It is worth noting that the G2
acidities of H,S and H,S, (1446 and 1407 k] mol™) are in very good agree-
ment with the experimental values (144318 and 1418+13 k] mol™" [39]). The
monoanions HS,”, i.e. the conjugate bases of H,S,, are found to exhibit an
interesting bond length pattern: the S-S bond adjacent the S-H bond being
the longest and the terminal S-S bond significantly shorter. The calculated
NBO atomic charges indicate that the negative charge is delocalised over all
sulfur atoms. The bond length pattern and charge distribution were ex-
plained in terms of a hyperconjugation between the 3p lone pair at the ter-
minal sulfur atom and the antibonding 6* molecular orbital of a neighbour-
ing bond. The stabilities of the HS,” anions are responsible for the high
acidities of the polysulfanes. Higher sulfanes H,Ss and H,S¢ are expected to
be even stronger acids [38].

Wong et al. [40] examined the relative stability of the branched isomer
(HSS),S=S of hexasulfane H,Ss. The calculated G3X(MP2) enthalpy differ-
ence between these two isomers is found to be surprisingly low: 53 k] mol ™.
For comparison, the small thiosulfoxide molecules like H,S=S and Me,S=S
are much less stable with respect to their unbranched isomers HSSH and
MeSSMe, by 140 and 80 k] mol™!, respectively [33, 34]. The stabilization of
the branched H,S¢ structure was attributed to the neighbouring S-S bonds.
As reflected in the optimised geometry, the four S-S bonds in the branched
polysulfane chain are pairwise much longer (233 pm) and much shorter
(202 pm) than the bond distances of 208.1+£0.1 pm calculated for helical
H,Se. This structural feature and the stabilizing effect can readily be ex-
plained by a 7*-7* interaction.

Papadopoulos et al. investigated the structure-polarization relationship in
a series of polysulfanes using several semiempirical (MNDO and MNDO/d)
and ab initio (MP2/STO-3G**++ and MP2/[3s2p/7s5p2d]) methods [41].
They studied the effect of changes of the geometry of H,S, (n up to 50) on
their polarizabilities and second hyperpolarizabilities. Several models for
H,S, were considered. A remarkable variation of the hyperpolarizabilities
with the molecular geometry of H,S, was found. As sulfur is involved in
derivatives with nonlinear electric properties, this structure-polarization re-
lationship may be used as a tool for designing nonlinear optical materials.

The S-S bond dissociation energies of H,S,, H,S; and H,S; have been
studied by Steudel et al. at the CCSD(T)//6-311+G(2df,p) level [42]. The cal-
culated enthalpies AH° for the dissociation at the central bonds at 298 K are
247, 201 and 159 k] mol™!, respectively. The lower stability of the tri- and
tetrasulfanes towards homolytic S-S cleavage is attributed to the stability of
the generated HSS' radical which is stabilized by the formation of a three-
electron 7 bond.
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5
Sulfur Clusters S,,

Sulfur is unique in its propensity to catenation. It is well established that sul-
fur atoms avoid the formation of double bonds (at temperatures near 298 K)
by joining its atoms into S, rings (cyclosulfur, n=6, 7 or 8, for example) or
high molecular weight chains S, (catena-sulfur) instead of S, molecules
(S=S). In fact, sulfur is the element with the largest number of solid al-
lotropes. More than 30 crystalline allotropes are known, most of which are
composed of homocyclic rings [43-45]. As a result, a large number of elec-
tronic structure studies have been devoted to sulfur clusters in the past two
decades, using mainly ab initio and density functional methods with various
levels of sophistication. There are several systematic studies on a range of
cluster size: S,-S;3 by Hohl, Jones, Car and Parrinello (MD/DFT) [46], S,-Sg
by Laitinen, Pakkanen and co-workers (HF/MZ and HF/DZP) [47,48], S,-S12
by Raghavachari, Rohlfing and Binkley (MP3/6-31G*//HF/3-21G*) [49, 50],
S4-Sg by Dixon and Wasserman (MP2/MC-DZP//HF/MC-DZP) [51], S3-Si3
by Yilmaz and Erkoc (MNDO) [52], S;-Ss by Warren and Gimarc (MNDO
and MP2/MC-DZP) [53], S5-Ss rings by Cioslowski, Szarecka and Moncrieff
(B3LYP/6-311G* and MP2/6-311G*) [54], S,-S1; by Au and co-workers
(B3LYP/6-31G*) [55], S,-S12 by Millefiori and Alparone (CCSD(T)/aug-cc-
pVDZ//B3LYP/cc-pVDZ) [56], S¢-S16 by Peter (B3PW91/6-311+G(3df)) [57],
S,-S,0 by Ludwig, Behler, Klink and Weinhold (B3LYP/6-31+G* and MP2/6-
31+G*) [58], S,-Sis by Jones and Ballone (Monte Carlo/DFT) [59], and
S,-S10 by Steudel, Steudel and Wong (G3X(MP2)) [60].

In 1986, Schaefer et al. reported the first extensive ab initio calculations
of S; [61]. SCF and CISD calculations indicated that the global minimum is
the ring D, form. The more sophisticated CASSCF and MR-CISD calcula-
tions, on the other hand, favoured the open bent structure of C,, symmetry.
The preference of the open form was subsequently confirmed by several oth-
er theoretical investigations [62-65]. The Dsj, structure is calculated to be
31-44 k] mol™! less stable than the open C,, structure, depending on the
method of calculation and the level of theory applied [56, 59-65]. The best
estimate of the S-S bond length of the C,, form is 193.2 pm (CCSD(T)) [65]
and the bond angle is 117°. Compared with the multireference calculations,
DFT methods adequately describe the structure and PES of S;.

S4 represents one of the best studied S, clusters [46, 51, 55, 56, 59, 60, 66—
68]. The structures and relative energies of the S, isomers are extremely sen-
sitive to the level of theory being employed. As a result, several different iso-
mers have been proposed as the global energy minimum of S,. The contro-
versial problem is further complicated by the fact that the rectangular D, j
structure is predicted as the global minimum by MP2 [49], MD-DFT [46]
and MC-DFT [59] calculations. The best earlier investigation of Sy corre-
sponds to the two-configuration CISD calculations of Quelch, Schaefer and
Marsden [66]. Recent high-level G3X(MP2) and CCSD(T)/aug-cc-pVTZ [60]
calculations confirmed that the singlet cis-planar C,, structure is the lowest-
energy structure on the S, PES, with the trans-planar C,;, isomer significant-
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S3(Cay) S4(Cay) S5(Cs)

Fig. 2 Ground-state structures of S, clusters (n=1-10)

ly higher in energy. The rectangular D, geometry is not an equilibrium
structure, but corresponds to a transition state which interconverts two cis-
planar forms. Based on several theoretical studies, the relative energies of
the various S, isomers are in the order Cy,<Cy,<Cs<D,q<Ds}. The most sta-
ble triplet S, is predicted to lie close in energy to the singlet ground state
(50 k] mol™") and has an open C,, geometry.

Wong et al. [60] recently calculated the electronic and vibrational spectra
of several S, isomers in an effort to provide a more definitive assignment of
the spectra of the various observed S, isomers. The calculated transition en-
ergies of the C,, and C,j, isomers (566 and 634 nm, respectively) match very
well with the UV-vis spectra of the observed green and red absorbing S, iso-
mers [69-71]. The branched ring S;=S of C; symmetry is predicted to absorb
at 240 nm. Thus, it can be concluded that the assignment of S;=S as the red
light absorbing isomer [70] is probably incorrect.

Most theoretical calculations on Ss [49, 50, 54, 55, 59, 60] indicate that this
homocycle exists exclusively in a highly fluxional C; conformation (half-
boat) (Fig. 2), and undergoes a facile pseudorotation through a C, structure
(twist-boat). The computed barrier to this pseudorotation amounts to less
than 2 kJ mol™. It is worthwhile to note that LDA calculations predicted the
C, structure to be a minimum that is almost isoenergetic with its Cs counter-
part [46]. The diradical chain structure of S; lies significantly higher in ener-
gy than the ring form [49, 50, 55, 59, 60].
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As expected, the hexagonal chair form of S¢ with D34 symmetry, occurring
in the solid hexasulfur, is the most stable form of hexasulfur, due to its min-
imal strain. The boat conformer of C,, symmetry is ~50 k] mol™! less stable
than the chair form [54]. The D3;4— C,, interconversion requires to overcome
a barrier of ca. 125 k] mol™'. A structure of C, symmetry, which is a local
minimum at the HF/3-21G* level [49, 50], is not a stationary point at higher
levels of theory [54, 55].

There are two possible C; conformations of the S; homocycle: exo and
endo. The exo global minimum (Fig. 2) lies ~15 k] mol™" below the endo-
form. Both conformers undergo facile pseudorotation through C, transition
states, with barriers of less than 4 k] mol™' [54]. The exo-conformer possess-
es the geometry found in the sulfur allotropes y-S; and §-S; [72]. This C;
structure has four bonds near the length of a normal S-S bond and one
rather long bond of ~215 pm with a dihedral angle of 0°.

Among the various sulfur allotropes, Sg is the most stable form at STP
conditions. It exists as a highly symmetrical Dyq cyclic (crown-shaped)
structure, which is well characterized by numerous quantum-chemical cal-
culations. The structures and energies of Sg isomers have received recent
theoretical attention due to the interest in the phase transition occurring in
liquid sulfur at 159 °C. Cioslowski et al. [54], Au et al. [55] and Wong et al.
[40] explored various possible isomers of Sg. In addition, Cioslowski et al.
provided a comprehensive characterization of the interconversions of the
ring conformers [54]. The Sg isomers considered include the C, (endo-exo
ring), C, (twist ring), D,q (boat) Cyy, (chair), C, (cluster), C; (S;=Suxa) and
Ci (S7=Sequatorial) Structures as well as several open-chain and branched
forms. The eight-membered crown-Sg (Dyq) is confirmed to be the global en-
ergy minimum by different levels of theory. Interestingly, a cluster structure
with a spiraling chain of 8 atoms (C, symmetry), studied previously by Jones
and Hohl [73], is predicted to lie close in energy (33 k] mol™") to the crown-
Ss minimum [40]. This cluster species is characterized by two three-coordi-
nate atoms and a rectangular arrangement of four sulfur atoms (with bond
lengths of 193 and 281 pm) at the formal chain-ends. This unusual cluster
geometry was rationalized in terms of a weak 7*-7* bond between the two
m* molecular orbitals of the chain-end groups. Surprisingly, a cuboid struc-
ture of Dy, symmetry, consisting of four parallel oriented S, molecules inter-
acting by four z*-7* bonds, is calculated to be a local energy minimum at
the MP2/6-31G* level [40]! However, at the higher levels of theory, B3LYP/6-
31G(2df) and QCISD/6-31G*, this cuboid structure represents a transition
state which interconverts two boat-like structures [40].

The most stable isomer of Sy (C, symmetry, Fig. 2) was first predicted by
Hohl et al. [46] and was found experimentally in the a-Sy sulfur allotrope
[74]. The calculated lowest-energy structures of Sy, S;; and S;, correspond
to D4, C; and D34 rings. The DFT calculations of these larger rings [46, 49,
50, 57-60] correctly reproduce the observed X-ray structures [75]. The
ground-state structures of S;-S;o are summarized in Fig. 2. The structures
and bonding of even larger sulfur rings, n=13-20, have recently been report-
ed by Peter [57], Ludwig and co-workers [58], and Jones and Ballone [59].
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Accurate molecular structures can readily be obtained using a hybrid den-
sity functional in conjugation with a flexible basis set. Peter has successfully
reproduced the experimental structural parameters of the sulfur rings Se to
S14 using the B3PW91/6-311+G(3df) [57]. The calculated bond lengths are
within 1 pm and the bond angles are within 2°. The vibrational spectra of
most sulfur clusters are known [76]. Calculated vibrational spectra can be
used to confirm experimental findings and to guide experimentalists to
search for novel species. For comparison with experiment, calculated har-
monic vibrational frequencies are normally scaled by a uniform scaling fac-
tor to account for the overestimation of the computed frequencies at a par-
ticularly level of theory [7-10]. For all the calculated frequencies reported
for sulfur clusters [49-51, 57], there is an overall good agreement between
the scaled computed and experimental values.

Jones and Ballone examined the trend of mean bond energies and struc-
tures for the rings S,-S;s. The calculated variation of bond energy per atom
with increasing n indicates that even-numbered molecules are generally
more stable than odd-numbered, with Sg, S12, S14, S16 and S;5 being particu-
lar stable. Structures with dihedral angles ~90° are found to be most stable.
Ring structures are found to have a strong preference to be singlet states,
and the HOMO-LUMO gaps are large and remarkably uniform (~210 kJ
mol™'). Chains are generally less stable than rings. The authors also noted
that the most stable calculated structures of the larger clusters may not cor-
respond to those found in crystalline allotropes. For instance, the form of
S1s with the calculated lowest energy is not found in the crystalline forms of
a-Slg or ﬁ-slg [59]

Based on 68 isomers of sulfur clusters S,, (n=3-11), Au et al. have shown
that two-fold coordination is generally favoured in sulfur clusters [55].
Structures with atom(s) in one-fold and three-fold coordinations are higher
in energy. As a consequence, many large sulfur clusters exist as monocyclic
rings while the open-chain forms are significantly less stable.

Millefiori and Alparone calculated the dipole polarizabilities of S, clusters
up to n=12 using the HE, B3LYP and CCSD(T) methods [56]. They found
that

1. The bond energy per atom increases with the size of the cluster and reaches
the asymptotic limit for a relatively small # value.

2. The mean dipole polarizability <a>monotonically increases with n and lin-
early correlates with the molecular volume.

From the calculated energies of the disproportionation reaction
2S, — Sp1+Suta,

they concluded that S,, S¢ and Sg are particularly stable, in agreement with
experiments.
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The thermodynamic properties of sulfur clusters have been investigated
by Steudel et al. [60] who examined the reaction enthalpies of the intercon-
version reactions

Sg—8/nS,

using the high-level G3X(MP2) theory. Comparing their calculated values
with the different sets of experimental gas-phase thermodynamic data indi-
cates that the best agreement corresponds to the vapour pressure measure-
ment by Rau et al. [77]. All the G3X(MP2) values are within 7 k] mol™ of
the experimental values except for Ss. The G3X(MP2) reaction enthalpies are
significantly better than those reported previously at the MP2 [51], MP4
[49] and B3LYP [54] levels.

Branched sulfur rings of the type S,=S and diradical chains S, are impor-
tant intermediates in high-temperature sulfur chemistry. Steudel, Steudel
and Wong investigated the branched ring (S,-1=S) and the triplet diradicals
of S,° (n=1-10) at the G3X(MP2) level [60]. In general, the branched rings
favour an exocyclic S=S bond in an axial position. The relative energy of the
branched species depends strongly on the size of the system. For the S5 sys-
tem, S4=S is significantly less stable than the 5-membered homocycle, by
120 k] mol™’. On the other hand, the branched isomer lies just ~30 k] mol™
above the corresponding S, global energy minimum for Sg and So. The larger
branched systems are stabilized by the 7*-7* interaction. The conformations
of the triplet diradicals (C, symmetry) are best described as a helical chain
with two almost planar S4 terminal units. The geometry of this terminal S4
moiety is similar to that of the structure of S, which is characterized by two
short S-S bonds joined by a relatively long central bond in a cis arrange-
ment. For all the long-chain S, biradicals, the S-S bond distances in the ter-
minal S4 units are 193, 224 and 202 pm. The four sulfur atoms in the S, unit
are not exactly coplanar, but with a small torsional angle of 7-9°. For S, the
calculated relative enthalpy of the triplet-chain structure (154 k] mol™) is in
excellent agreement with the experimental value of 152 k] mol™! for radical
formation in liquid sulfur [78].

Using the first-principles molecular-dynamics simulation, Munejiri,
Shimojo and Hoshino studied the structure of liquid sulfur at 400 K, below
the polymerization temperature [79]. They found that some of the Sg ring
molecules homolytically open up on excitation of one electron from the
HOMO to the LUMO. The chain-like diradicals S, thus generated partly re-
combine intramolecularly with formation of a branched S;=S species rather
than cyclo-Sg. Furthermore, the authors showed that photo-induced poly-
merization occurs in liquid sulfur when the Sg chains or S;=S species are
close to each other at their end. The mechanism of polymerization of sulfur
remains a challenging problem for further theoretical work.
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6
Cluster Anions S,,~ and S,2~

Amongst the singly-charged sulfur cluster anions S,~, the thiozone anion
S5 has attracted the most attention as this radical anion had been identified
as the key chromophore of the brilliant blue pigment of “Lapis Lazuli” (ul-
tramarine) [80]. Furthermore, S;~ was identified as a stable paramagnetic
species in the reaction of elemental sulfur with partially hydroxylated mag-
nesium oxide. Several theoretical studies have been reported for the S;™ rad-
ical anion. The earliest SCF calculation was carried out by Hinchliffe [81],
who reported the ground-state open C,, geometry and its one-electron prop-
erties. Subsequently, von Niessen and co-workers considered the geometry
and relative stability of the triangular D;}, isomer of S;~ [82, 83]. In addition,
they predicted the adiabatic and vertical electron affinities of S;. The most
elaborate calculations of S;~ have been published by Koch, Natterer and
Heinemann [65]. These authors employed highly correlated MRCI and
CCSD(T) wavefunctions together with a large atomic natural orbital (ANO)
basis set to investigate the ground state as well as the low-lying electronic
states. These calculations confirmed that the C,, form is the global minimum
on the S;~ potential energy surface, and the D; j, isomer is considerably
higher in energy, by 167-176 k] mol™'. This computed energy difference is
significantly larger than for the corresponding neutral S; molecule, by 21-
25 kJ mol™!. The MRCI+Q/ANO6532 calculation yielded S-S bond lengths of
200.2 pm and a bond angle of 115.1° for the C,, form of S;. The presence of
the additional electron in the open form of S;~ leads to a lengthening of the
S-S bonds by 65 pm and a concomitant decrease of the bond angle by 2.7°.
These geometrical changes can be rationalized using a molecular orbital ar-
gument [65]. The adiabatic electron affinity of thiozone computed at the
MRCI+Q/ANO7643 level (2.10 eV) is in perfect agreement with the photo-
electron spectroscopy result of Nimolos and Ellison (2.093+0.025 eV) [84].
Due to the required multireference character of the calculations of the neu-
tral, the single-reference CISD+Q and CCSD(T) calculations yield electron
affinities which are some 0.2 eV too high. The calculated vertical transition
energy of the strong C2A, — X2B, transition (2.1 eV) agrees well with the
observed strong band in ultramarine at 600 nm (=2.07 eV) [85].

In a rather surprising report, Dehnicke et al. observed the S¢~ radical an-
ions in the orange-red needles of PhyP*S¢™, prepared by the reaction of H,S
and tetraphenylphosphonium azide in the presence of trimethylsilyl azide at
20 °C [86]. The S¢~ ions have a disordered chair structure, characterized by
two long S-S bonds of 263 pm connecting the S; units. The average S-S dis-
tance in the two S; fragments is 206.0 pm, comparable to that of a typical S-
S single bond. To understand the nature of the Sg~ chair structure in
Ph,P*Ss™, density functional calculations of the cyclic S¢~ were also per-
formed. The calculated symmetrical chair conformation, with Cy, symmetry,
resembles the observed X-ray structure. It is composed of two loosely bound
S; fragments with d(S-S)=207.5 pm, connected via two long S-S bonds of
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246.0 pm. However, this structure does not represent an energy minimum
on the PES but corresponds to a transition state for the interconversion of
two distorted C, chair forms, which lie 8.4 k] mol™! lower in energy. The S;
fragments in this C, structure are connected through a short (212.5 pm) and
a long bond (294.3 pm). In contrast to the DFT result, ab initio MP2/6-
31+G* computations favour the C,}, chair conformation over the C, form by
2 kJ mol™". In light of this small energy difference between the chair confor-
mations, more definitive calculations are required to establish the correct
stability order. Perhaps, the environment effects may also play a decisive role
in determining the geometry of S¢™ in the crystal. It is important to note
also that the most stable gas-phase S¢™ structure has a chain-like geometry
according to simulated annealing calculation. The C, isomer lies 10 k] mol™
higher in energy [86].

A comprehensive study of the singly-charged radical anions of sulfur clus-
ters with up to nine atoms S,~ (n=1-9) has been carried out by Hunsicker,
Jones and Gantefor [87, 88]. This study focused on the energy difference be-
tween the charged and neutral systems. The authors employed photoelectron
detachment measurements using a pulsed arc cluster ion source (PACIS)
which yielded vertical detachment energies (VDE) for transitions from the
ground state of the ions to states of the neutral clusters. For the theoretical
work, they employed density functional calculations with simulated anneal-
ing to structures and energies of the open and cyclic forms of the cluster an-
ions S, . In general, the most stable structures of S, ™ have at least one bond
being strained or broken by the presence of the additional electron. The
ground states of S5, S;7, Sg” and Sy~ belong to this family. Several sulfur
cluster anions are calculated to have chain-like structures. Structures with a
cis-planar tetramer at one or both terminal ends are found for S;™ to S¢™. In
S47, it corresponds to a cis-planar structure with C,, symmetry. For cluster
anions with even values of #, they correspond to the most stable isomers. In
agreement with the experimental observation, the chain-like isomers are cal-
culated to have higher electron affinities, compared to the ring-like struc-
tures. Although the cyclic structures are generally more stable than the chain
structures, the environment used to generate the larger clusters (n>7) fa-
vours the formation of the latter in a cluster beam.

Vibrational fine structure was resolved for n=1-3 and 6 [88]. In particu-
lar, the observed frequencies allow the identification of both ring and chain
isomers of S¢~ and S; 7. It is of interest to note that the only wavenumber
measured for the neutral Sq structure (570+32 cm™) is significantly higher
than both the calculated and observed Raman wavenumbers of the Dsq iso-
mer of S¢ and falls in a pronounced gap of the spectrum of this isomer.

In polysulfide solutions there exist chainlike S,*~ dianions with practically
arbitrary chain lengths n. Berghof, Sommerfeld, and Cederbaum have inves-
tigated the onset of stability in the S,*~ (n=2-8) series of dianions based on
SCF calculations with the DZPD basis set [89]. The isolated chainlike S,?~
isomers were found to exhibit twisted structures, and the onset of electronic
stability (with respect to electron autodetachment) was predicted to occur at
n=7. Branched isomers were found to be electronically more stable than the
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corresponding chain-like isomers but are expected to be more sensitive to
fragmentation. For all chain-like clusters, the bond lengths and bond angles
are rather independent on the cluster size and the position within the chain.
The typical bond length is 208+1 pm, and the typical bond angle is close to
the tetrahedral (£2°). As a result, all chainlike S,>~ resemble twisted chains.
A population analysis revealed that the two excess charges are essentially lo-
calized at the terminal atoms of the sulfur chains such that the inner atoms
carry only small amounts of negative charge.

7
Cluster Cations S,,* and S,**

Although S, * cluster cations were detected up to n=56 by Martin [90] in the
gas phase, the structures of these radical cations are hardly known except
for Ss*. Theoretical investigations on cationic sulfur clusters are also rare.
The most comprehensive investigation corresponds to a recent DFT study by
Au et al. [91]. They examined the structures and energies of various possible
isomers of S, cations (n=3-13) using the B3LYP/6-31G* theory. The major-
ity of the cationic clusters are composed of two-coordinate atoms; those
with one- and three-coordinate atoms are higher in energy. Interestingly, the
most stable isomer of some cationic clusters is found to have a structure
slightly different from that of the corresponding neutral cluster. For in-
stance, the most stable neutral S; is a ’chair’ structure of C; symmetry, but
upon ionisation the C; structure becomes a saddle point. The preferred S;™*
ring structure is of C, symmetry. Among the various most stable S, " struc-
tures, those of S3™*, S5, S5, S¢™, So'*, Sio*and Sy, are structurally similar
to the neutral counterparts.

The smaller cluster ions S;*, S4* and Ss* have been examined by
Zakrzewski and von Niessen at the HF/6-31+G* level [82]. The lowest cat-
ionic states are predicted to be 2B,, 2By, and 2A” for S5 (Cyy), S4* (Dgy) and
Ss* (Cy), respectively. The ionisation processes may result in significant
structural relaxation leading to the sequence of states different from that of
the vertical states. The calculated lowest adiabatic ionisation energies, using
the CI method with a very large ANO basis set, are 9.53, 8.05, and 8.20 eV
for S;*, S4* and S5, respectively.

Cioslowski, Szarecka, and Moncrieff studied the conformations of S5%,
Se* and Sg™* rings employing both UB3LYP/6-311G* and UMP2/6-311G* cal-
culations [92, 93]. As with the neutral, the S5 homocyclic radical cation ex-
ists in only one conformer of Cs symmetry [92]. A structure with D3q sym-
metry is predicted to be the global energy minimum for the S¢™ species
[92]. This chair-like structure is somewhat less puckered than that of neutral
S¢. The C,, boat-like conformer is 21-29 kJ mol™! less stable than the Dsq4
minimum. The endo-exo conformer (C; symmetry) is the lowest-energy con-
former of Sg*, with several other structures lying close in energy, within
28 kJ mol™! [93]. A conformational analysis of the cyclic Sg* ion demonstra-
ted that the structure is very sensitive to the level of theory used, which leads
to significant discrepancies between the UB3LYP and UMP2 results [93].
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UB3LYP theory predicts four minima of Sg™* which possess C;, Cyp, D, and
C, symmetries. At the UMP2 level of theory, no stationary point correspond-
ing to the C, minimum can be located and two new local minima with Dyq
and D, symmetries appear. The Sg* conformers are found to be very prone
to pseudorotation and are predicted to interconvert readily. For this reason,
Cioslowski et al. refer to Sg* as a fluxional species [93]. Interestingly, they
found that the structures corresponding to local minima are not directly in-
terconvertible.

Double ionisation of neutral molecules often leads to remarkable struc-
tural and energetic changes [94]. This is readily demonstrated in some of
the doubly-charged ions of sulfur clusters. The equilibrium geometry of S,
was first reported by Balaban and co-workers at the HF/6-31G* level [95].
Subsequently, Jurek et al. have employed multireference CASSCF and
CASPT2 calculations to examine the potential energy curves of the ground
state and some low-lying excited states of S,** [96]. As with the isoelectronic
dication analogue 0,?*, which is well established experimentally and theo-
retically, the electronic ground state of S, is 'Z,". Due to the strong Cou-
lomb repulsion in this ion, S,** is predicted to be a metastable species. In
agreement with its experimental observation, S,** is calculated to be a
strongly bound species, with a sizable barrier of 263 k] mol™! to dissociation
into two S'* ions [96]. The 3%,", 3A,, and I, excited states are also calculat-
ed to be metastable with sufficiently high barriers to dissociation. As with
0,%" [97], S;** is predicted to have a remarkably short bond distance of
178.9 pm, ascribed to a formal S=S triple bond. For comparison, the equi-
librium internuclear distance (r.) of neutral S, is 188.9 pm, which corre-
sponds to a standard S=S double bond. The short SS bond in the S,** dica-
tion arises from the removal two antibonding electrons from neutral S,. It is
of interest to note also that the triply charged ion S,?* has been observed by
Coulomb explosion experiments and its existence is confirmed readily by
the multireference calculations by Jurek et al. [96].

According to Walsh, triatomic molecules with 12-16 valence electrons are
expected to be linear [98]. Unexpectedly, ab initio calculations up to the
QCISD(T)/TZ2Pf level by Schaefer et al. demonstrated that the S;** dication
is the first 16-valence electron triatomic species with an equ11ateral triplet
ground state (*A") of D, symmetry [99]. Its bond length is 203 pm. Five
other S;** isomers have been examined. The most stable singlet state is of
Cyy symmetry and has a bond angle of ~72°. It lies 45 k] mol™' above the
trlplet ground state. The classic linear singlet state ('%,") is calculated to be
a minimum on the S;*>* potential energy surface, but it lies ~70 kJ mol™
above the triangular triplet structure. SCF calculations of Pyykko predicted
a slightly bent geometry (174°) for the ’linear’ species [100]. Fragmentation
of S3** to S, and S is calculated to be an exothermic reaction, by 94 k]
mol~! [99].

The structures and stabilities of several S,>" dications are well established.
Red, yellow or blue solutions are obtained if sulfur is added to SOs-contain-
ing sulfuric acid (oleum). Gillespie et al. have suggested that the colours are
due to the nonadecasulfur dication S;9>*, octasulfur dication Sg?>*, and tetra-
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sulfur dication S,** [101]. The S,** dication has originally been identified by
magnetic circular dichroism [102] and was subsequently isolated as
S4(SOsF); and characterized [101]. The S,** dication possesses a square pla-
nar structure, with a quasi-aromatic 6z four-membered ring. Several ab ini-
tio studies have addressed the geometric and electronic structure of S,
[103-109]. The best theoretical treatment corresponds to the MP2/6-31G*
calculation by Janssen [108]. The calculated S-S bond length is 206.5 pm, in
fair agreement with the experimental data (198.0-2.015 pm). The Dy struc-
ture of S4** is a stable minimum at all levels of theory [108]. The alternative
C,y geometry is considerably higher in energy and possesses two imaginary
vibrational frequencies.

Organic 67 four-membered rings are unknown. On the contrary, several
6z four-membered inorganic rings have been prepared. Well-known exam-
ples are the S;** dication, and its analogues S;N,, Se,** and Te,**. Janssen
and van Zandwijk have addressed the question of whether inorganic 67 elec-
tron four-membered rings are in general more stable than organic rings. To
this end, they have investigated systematically a number of four-membered
rings containing second-row atoms and found several of these systems to
possess a planar (aromatic) configuration [108, 110]. Furthermore, they
demonstrated that several factors, viz. the presence of substituents, repulsive
1,2- and 1,3-interactions, and bond length, contribute to the conformational
preferences.

Krossing et al. calculated the gas-phase dimerization energy for the 2
S,*-S42* system at various levels of theory [109, 111]. They found that the
dimerization energy depends strongly on the size of the basis set and the
correlation method used (ranging from 217 to 522 kJ mol™!). The Moller-
Plesset perturbation theory (MP#n with n=2-4) performs moderately and di-
verges. The inclusion of polarization d- and f-functions is crucial in the en-
ergetic description of this strongly delocalised ion. The best estimate of the
dimerization enthalpy (AH,gg) of S;* is 257 k] mol™! [111]. This result is
achieved using the compound methods (e.g. CBS-Q and G2), the computa-
tionally very expensive CCSD(T) level extrapolated to the complete basis set
limit, or by employing hybrid DFT calculations with flexible basis sets, e.g.
B3PW91/6-311+G(3df).

The Sg?* dication, like Sg, is cyclic, but the conformation changes marked-
ly upon oxidation, with a sulfur atom flipping from the exo- to the endo-po-
sition. Earlier semiempircal [112, 113] and Hartree-Fock calculations [106,
114] predicted a strong transannular bond linking the two nonbonded sulfur
atoms with localized positive charges. In particular, Bader et al., based on
the analysis of the Laplacian (V?,) at the bond critical point, demonstrated
that the cross-ring bond in Sg** exhibits the characteristics of closed-shell
interaction (V2,>0) as opposed to other S-S bonds, which exhibit character-
istics typical of shared interactions (V*,<0) [106]. The computed geometry
of Sg** is extremely sensitive to the electron correlation effects. In sharp con-
trast to the Hartree-Fock result, the transannular interaction is completely
missing in the correlated MP2 and BLYP calculations published by Cioslows-
ki and Gao [114]. These authors attributed the exaggeration of transannular
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interactions observed within the HF approximation to an excessive localiza-
tion of positive charge. At the MP2/6-311G* level, the endo-exo ring con-
former is favoured over the endo-endo and exo-exo conformations, by 39
and 49 k] mol™?, respectively. Cioslowski and Gao noted that none of the HF,
MP2 and BLYP methods are capable of reproducing the experimental solid-
state geometries of Sg** [115, 116] which is almost certainly distorted to a
large degree by crystal packing and counterion effects. However, in a more
recent theoretical study [117], Krossing, Passmore and co-workers have
shown that a satisfactory calculated geometry of gaseous Sg** can be ob-
tained using the B3APW91 or MPW1PW091 density functional in conjugation
with the 6-311G(2df) basis set. It was concluded that the new MPW1PW91
level of theory provides a well-balanced description of electron correlation
so that even the 3-21G* basis set is sufficient to model the geometry of Sg**.
The transannular bond is calculated to lie in a very shallow minimum. The
predicted enthalpy of formation (AH{) of Sg** is 2151 kJ mol™!. The most
favourable gas-phase dissociations correspond to 2 S,;* and S,*+1/2
(Ss*+S7*). The bonding analysis based on the theory of atoms in molecules
(AIM) indicates that there are bonds between all atoms, one transannular
bond for which a Raman stretch has been observed. In addition, the analysis
confirmed that the extra bond formed in Sg** is highly delocalised. The pos-
itive charge is found delocalised over all atoms, decreasing the Coulomb re-
pulsion between positively charged atoms. The bonding in Sg** was ex-
plained in terms of a o-bonded Sg framework with additional bonding and
charge delocalisation occurring by a combination of transannular 7*-7* and
p?—oc* bonding.

Li, Liu and Lu investigated the electronic structures and the possible aro-
maticity of some 107-electron systems, including the S¢** dication, at the
HF/6-31G* level [118]. The optimised S-S bond length of S¢** is 210 pm.
Based on the analysis of the bonding characteristics in terms of the canoni-
cal molecular orbital and the Foster-Boys localized molecular orbital, they
concluded that S¢** is of weak aromaticity. This is due to the occupation of
the weak antibonding MOs. As a consequence, the bond strengths of the
107-electron systems decrease with respect to their 67-electron counter-
parts.

8
Protonated Sulfur Clusters HS,*

Relatively little is known about the protonated forms of sulfur clusters
(S,H™). The only experimental study corresponds to the spectroscopic inves-
tigation by Abboud, Ydnez and coworkers [68]. These authors determined
the gas-phase basicities of S¢ and Sg using Fourier transform ion cyclotron
resonance spectroscopy (FT-ICR). In addition, the structures and energies
of various possible S¢H* isomers were examined using the G2(MP2,SVP)
theory. Surprisingly, the global energy minimum corresponds to a distorted
five-membered ring structure with the hydrogen bonded to the exocyclic
sulfur atom (Fig. 3). The chair-shaped six-membered ring species, derived
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g,H* SeH'
Fig. 3 Structures of S;H*, SgH* and SgH*

from the most stable form of S¢ is less stable, by 8 k] mol™'. Four additional
S¢H" isomers were located with a common feature of an almost planar S,
moiety attached to the S;H subunit. The calculated basicity of S¢ (735 kJ
mol ') is somewhat high compared to the measured value of 702 k] mol ™.

Abboud et al. explored also the potential energy hypersurface (PES) of
SsH™* at the HF/3-21G(d) level and found that the global minimum has simi-
lar characteristics as SgH* [68]. The lowest-energy structure of SsH* is a dis-
torted seven-membered ring with an exocyclic SH* group (Fig. 3). Thus, the
most stable protonated forms of both Sg and Sg can be considered as an SH*
group attached to a cyclic moiety. The characteristics of the S;H* PES were
found to be rather different from those of S¢H* and SgH*. The global mini-
mum of S4H™ corresponds to the protonated form of the cis-isomer of Sy,
which is the global minimum of this planar molecule. Higher-energy iso-
mers of S4H* arising from the protonation of the puckered four-membered
and branched rings of S, have also been located. Based on the computed
G2(MP2) proton affinities, S, is predicted to be slightly more basic than Se.

The PES of the protonated S; molecule has been investigated by density
functional calculations at the BP/DZVP level by Mineva et al. [119]. These
authors considered 13 plausible protonated S;H* isomers derived from both
the open-chain and cyclic forms of S; but only four structures correspond-
ing to energy minima on the PES were located. The trans-planar chain struc-
ture SSSH™ is the preferred protonated form; but the cis-planar chain, the
branched and the cyclic forms correspond also to minima on the PES. A
strong correlation is found between the absolute chemical hardness (reactiv-
ity indices) [120] and the relative stability of the various S;H" isomers. It is
interesting to note that the relative stability of the cyclic form with respect
to the trans-planar chain increases on going from Os;H" to Se;H" and revers-
es for Te;H™.
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Fig. 4 Structures of the three-electron hemibonded radical cations [R,S..SR,]™*. The S-S
bond lengths (HF/6-31G*, with the MP2/6-31G* values in parenthesis) are given in pm

9
Three-Electron S-S Bonds

The two-centre three-electron bond, 2¢-3e or (0)%(c*)', was first described
by Pauling in 1931 [121]. Since the three-electron bond has a formal bond
order of 1/2, Gill and Radom referred this type of bond as three-electron
hemibond [122], which may be distinguished from the three-electron
sesquibond in which all three electrons occupy bonding molecular orbitals
so that the formal bond order is 1%. The radical cation [H,S.".SH,]*, the
prototype system of the three-electron S.".S hemibond, has been the subject
of several theoretical studies, mainly by Gill, Radom and co-workers [122,
123], Clark [124-126], McKee, Illies and co-workers [127-129], and Ortiz et
al. [130, 131]. This hemibonded species is characterized by a rather long S-S
bond of 284 pm (MP2/6-31G*), 95 pm longer than that in the S, molecule
and 78 pm longer than in disulfane H,S,. It favours an anti-conformation
with C,;, symmetry (Fig. 4). In line with the large S-S bond length is the low
bond energy of the SS hemibond in [H,S.".SH,]*. The best theoretical esti-
mate of the gas-phase bond dissociation energy is 120 k] mol™!, based on
the calculated G2 dissociation energy of [H,S..SH,]™* to H,S+H,S™ [128].
For comparison, the S-S bond dissociation energy in H,S, is 260 k] mol™
[42, 132].

In sharp contrast to the stable [H,S..SH,]* radical cation, the isoelectron-
ic neutral radicals [H,S..SH] and [H,S.".Cl] are very weakly-bound van der
Waals complexes [125]. Furthermore, the unsymmetrical [H,S..CIH]* radi-
cal cation is less strongly bound than the symmetrical [H,S.".SH,]™ ion. The
strength of these three-electron bonds was explained in terms of the overlap
between the donor HOMO and radical SOMO. In a systematic study of a se-
ries of three-electron bonded radical cations [126], Clark has shown that the
three-electron bond energy of [X."Y]* decreases exponentially with AIP, the
difference between the ionisation potentials (IP) of X and Y. As a conse-
quence, many of the known three-electron bonds are homonuclear, or at
least involve two atoms of similar IP.
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A simple qualitative model of the three-electron hemibond in [X.".X]*,
based on the Hiickel approximation, has been proposed by Gill and Radom
[122]. This qualitative model predicts that the strength of the hemibond
should vary in proportion to the Hiickel parameter o, which can be replaced
by the HOMO energy in X because a good correlation is found between Epo.
mo(X) and D¢(X-X*). This model readily rationalizes the marked substituent
effect on the strength of the hemibond. In particular, electron-withdrawing
substituents are found to have a strengthening effect.

For the hemibonded radical cations containing hydrogen, e.g. (NH;),™,
the stabilities depend not only on the bond dissociation energies of the
hemibonds but also on the relative stabilities of the hydrogen-bonded iso-
mers. Therefore, Gill and Radom examined the hydrogen-bonded isomers
for several first- and second-row homonuclear hemibonded systems [122].
The hydrogen-bonded systems are found to be the preferred isomers for all
the first-row systems, such as (NH;),™". In contrast, the second-row hemi-
bonded species [H,S..SH,]* is more stable than its hydrogen-bonded isomer
[H,SH~SH]* by 50 k] mol™" (HF/6-31G*). In fact, this hydrogen-bonded iso-
mer does not correspond to an energy minimum at the MP2/6-31G* level.
Thus, it is likely that the three-electron hemibonded species is the only min-
imum on the PES of H,S,*.

Asmus et al. unambiguously identified a variety of [R,S..SR,]* radical
cations in solution and measured their optical absorption spectra using
pulse radiolysis techniques [133]. They proposed that the spectrum of
[H,S.".SH,] ™" arises from the oc—o* transition in the three-electron S..S
hemibond. Based on a molecular orbital analysis, Clark ascribed the ob-
served transition from a nonbonding orbital, which has both sigma and
lone-pair character, to the sulfur-sulfur o* MO [124]. Illies et al. [128] per-
formed CIS/6-31G* calculations to determine the lowest excitation energy
for [H,S..SH,]* as well as for the complex [H,S.".SH,]*-4H,0. They found
the solvent effects lead to a blue shift of A,,,x of 45 nm. The calculated transi-
tion energy of the cation-water complex (396 nm) is in pleasing agreement
with the observed Ap.x value in solution (370 nm).

The substituted radical cations [Me,S.”.SMe,]™", [Et,S.".SEt,]* and
[Et,S..SMe,]|* (Fig. 4) have been studied by Illies, McKee and co-workers us-
ing a combined experimental/theoretical approach [127-129]. Mass spec-
trometry experiments on the gas-phase association reactions

SR+SR™" — [RS.".SR|*

yielded reaction enthalpies which can be compared with calculated bond en-
thalpies. Both DFT and PMP4 (“P” indicates spin-projected MP4) methods
have been employed to determine the reaction enthalpies. In all cases, there
is a good agreement between theory and experiment. The calculated B3LYP/
6-31G* bond energies (298 K) for [Me,S..SMe,]™, [Et,S..SEt,]* and
[Et,S..SMe,]* are 127, 117, 105 k] mol™}, respectively. As expected from the
qualitative prediction, the S.".S three-electron bond energy is smaller for the
unsymmetrical hemibonded system compared to the symmetrical systems.



Quantum-Chemical Calculations of Sulfur-Rich Compounds 25

The ion-molecule reaction between thiirane and its radical cation to form
a thiirane sulfide radical cation and ethylene has been studied by Qin, Meng
and Williams [134]. ESR studies using a low-temperature solid-state Freon
radiolysis technique provided compelling evidence that the hemibonded di-
mer radical cation of thiirane is an intermediate in this so-called “sulfur-
transfer” reaction; see Scheme 2.

Ds'ﬁ s<| — [Ds—sﬂ I — Ds—s'* + CHy=CH,

Scheme 2

An analogous sulfur transfer reaction has been proposed for the thermal
decomposition of neutral thiirane to give ethylene and elemental sulfur, on
the basis of ab initio calculations at the G3(MP2) level of theory [135].

Gill, Weatherall and Radom [123] calculated the energetics of the forma-
tion of the thiirane dimer radical cation and found that the hemibond
strength of this dimer ion is 127 k] mol™! (MP2/6-31G*//HF/6-31G*+ZPE),
comparable to that of the parent analogue [H,S."SH,]* (112 k] mol™! at the
same level of theory). Thus, their theoretical result nicely confirmed the ex-
perimental observation of this hemibonded system. Gill et al. also examined
a closely related mixed dimer radical cation of thiirane and hydrogen sul-
fide. In agreement with the qualitative prediction, based on ionisation ener-
gies of the neutral monomers, the S-S bond of this mixed radical cation is
considerably weaker (47 k] mol™"). The strength of this S-S three-electron
hemibond is readily reflected in the comparison of the S..S bond lengths
(328 pm vs 285 pm in [H,S.".SH,]*, see Fig. 4).

The ab initio calculations of various three-electron hemibonded systems
[122, 123] indicated that the inclusion of electron correlation corrections is
extremely important for the calculation of three-electron bond energies. The
Hartree-Fock (HF) error is found to be nonsystematic and always large,
sometimes of the same order of magnitude as the bond energy. According to
valence bond (VB) and MO theories, the three-electron bond is attributed to
a resonance between the two Lewis structures

AT+:B—A:Bf

These two resonance hybrids are mutually related by charge transfer. Hib-
erty, Shaik and co-workers [136] explained the HF bias in the three-electron
bond energies in terms of two deficiencies:

1. Poor description of the individual resonance structures at bonding dis-
tances
2. Overestimation of the resonance energy
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These authors proposed a “uniform mean-field HF” (UMHF) procedure
which involves orbital occupancy constraints and correction of resonance
energy by non-empirical factors. This UMHF method yields the dissociation
energies of three-electron systems in satisfactory agreement with accurate
calculation performed in the same basis set.

10
Concluding Remarks

Extensive quantum chemical calculations have been reported for sulfur-rich
compounds in the past two decades. These calculations were used to investi-
gate molecular structures and spectroscopic properties, as well as to under-
stand the nature chemical bonding and reaction mechanism. Many high-lev-
el ab initio calculations were used for interpretation of experimental data
and for providing accurate predictions of molecular structures and thermo-
chemical data where no reliable experimental values are available. In recent
years, density functional calculations have been extensively tested and used
on many first- and second-row compounds. These proven DFT methods
look promising for larger systems because for their computational efficien-
cy.

With the availability of sophisticated computational methods, combined
with the ever increasing speed of computers and the latest parallel comput-
ing technology, quantum chemical calculations with chemical accuracy for
larger systems are now readily available. Thus, computational chemistry will
play a major role in solving many of the unresolved and challenging prob-
lems in sulfur chemistry.
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Abstract Molecular spectroscopy is one of the most important means to characterize the
various species in solid, liquid and gaseous elemental sulfur. In this chapter the vibrational,
UV-Vis and mass spectra of sulfur molecules with between 2 and 20 atoms are critically re-
viewed together with the spectra of liquid sulfur and of solid allotropes including polymeric
and high-pressure phases. In particular, low temperature Raman spectroscopy is a suitable
technique to identify single species in mixtures. In mass spectra cluster cations with up to
56 atoms have been observed but fragmentation processes cause serious difficulties. The
UV-Vis spectra of S, are reassigned. The modern XANES spectroscopy has just started to
be applied to sulfur allotropes and other sulfur compounds.
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List of Abbreviations and Symbols

Sz Mixture of soluble sulfur rings other than Sg

Seo Polymeric sulfur dissolved in liquid sulfur (mixture of very large
rings and very long chains)

Sy Polymeric insoluble sulfur usually prepared from liquid sulfur

DOS Density of states

IR Infrared

FTIR Fourier transform infrared

LD Lattice dynamics

MD Molecular dynamics

Me Methyl group

STP Standard temperature-pressure (conditions)

UBFF Urey-Bradley force field

XANES X-ray absorption near edge structure

1

Introduction

Elemental sulfur is one of the best investigated chemical elements but it rep-
resents also one of the most complex systems. The large number of its al-
lotropes (ca. 30 [1]) and their peculiar behavior on melting, vaporization
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and under pressure made it necessary to investigate this element by as many
types of molecular spectroscopy as possible to identify the molecular species
present. In this chapter the results of these investigations are reviewed.

Most informative in this context is vibrational spectroscopy since the
number of signals observed depends on the molecular size as well as on the
symmetry of the molecule and, if it is part of a condensed phase, of its envi-
ronment. In particular, Raman spectroscopy has contributed much to the
elucidation of the various allotropes of elemental sulfur and to the analysis
of complex mixtures such as liquid and gaseous sulfur.

UV-Vis spectroscopy may also provide valuable information if small mo-
lecules are studied. However, the photochemical sensitivity of many sulfur-
containing molecules may trigger changes in the composition of the sample
during irradiation. For instance, this phenomenon has been observed in Ra-
man spectroscopy using the blue or green lines of an argon ion laser which
sometimes decompose sensitive sulfur samples with formation of Sg [2, 3].
Reliable spectra are obtained with the red lines of a krypton ion or a He-Ne
laser as well as with the infrared photons of a Nd:YAG laser.

Similarly, the thermal sensitivity of sulfur allotropes makes mass spec-
trometry of elemental sulfur and sulfur-rich compounds difficult especially
with the conventional electron impact ionization. Nevertheless, valuable in-
formation has been obtained by this technique also.

Despite the fact that natural elemental sulfur contains 0.75% of the iso-
tope *°S [4] with a nuclear spin of I = */, no NMR spectra of elemental sulfur
have ever been reported. Such spectra are however well-known for com-
pounds containing just one or two sulfur atoms [5]. Electron spin resonance
spectra of irradiated elemental sulfur samples and of quenched sulfur vapor
have been reviewed elsewhere [6-8].

2
UV-Vis Spectra

2.1
Gaseous Sulfur

Sulfur vapor contains all molecules with between 2 and 8 atoms which are
related by temperature- and pressure-dependent equilibrium reactions:

Ss=18/nS, (n=2..8)

Some of these species occur as several isomers, and in addition larger mo-
lecules like S¢ and S;q are present in trace amounts [9]. The acyclic species
Sz, S3, and Sy absorb visible light while all larger molecules are cyclic or
polymeric and absorb only in the near UV with a wing into the violet region
of the visible spectrum. Therefore, these species are more or less yellow at
25 °C. However, at temperatures below 160 K pure cyclo-Sg is colorless which
demonstrates that the wing on the longer wavelength side of the UV absorp-
tion band is caused by vibrational broadening which, of course, disappears
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at low temperatures. Other sulfur allotropes are either also colorless at liquid
nitrogen temperature (e.g., S12, Sz0, S;) or their deep yellow color at 25 °C be-
comes much lighter at 77 K (e.g., S¢, S7, S10) [10].

Below 250 °C the spectrum of saturated sulfur vapor consists of unre-
solved absorption bands at 210, 265, and 285 nm caused by the electronic
transitions of cyclo-Sg [11]. These bands have also been observed for Sg solu-
tions in organic solvents and for thin films of solid Sg (see below).

At temperatures above 350 °C saturated sulfur vapor exhibits three elec-
tronic absorption bands in the visible range at 400, 530, and 625 nm. Meyer
et al. [12] first convincingly assigned the 400 nm band to S; and Braune et
al. [13] assigned the much weaker 530 nm band to S, which was later con-
firmed by several authors [14-16]. The third band at 625 nm is still weaker
and was suspected to originate from a second isomer of S, [8] which was lat-
er confirmed [17]. Meyer claimed that S; is deep cherry-red in hot sulfur va-
por [12]. The S4(C,y) absorption in the green region (500-590 nm) results in
a purple-red complimentary color while the S4(C,p) absorption in the red re-
gion (625 nm) should yield a blue-green appearance [18] if this isomer could
be observed separately.

Ab initio MO and DFT calculations have revealed that S, can exist as six
isomers on the potential energy hypersurface. Their connectivities and rela-
tive energies (in k] mol™) [9] are shown in Scheme 1.

Coy Con Cs Doy Dog D3y
(0) (41.3) (61.7) (no minimum) (80.1) (107.4)
Scheme 1

The large energy differences between the global minimum structure of C,,
symmetry and the other isomers indicate that equilibrium sulfur vapor will
contain only minute amounts of the latter, even at very high temperatures.
However, under non-equilibrium conditions as in electrical discharges or by
illumination with a laser as in Raman spectroscopy unstable isomers may be
formed and detected.

Wong et al. [9] calculated the wavelengths of the lowest-energy electronic
transitions of S, S3, and of the three most stable isomers of S, from ab initio
MO theory as follows (wavelengths in nm; oscillator strengths in parenthe-
ses):

$,:277(0.187) S5:366(0.266)
S4(Cay): 566(0.192) S4(Cop): 634(0.292) S4(Cs): 241(0.339)
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Table 1 Harmonic fundamental modes of the three most stable isomers of S, with infrared
and Raman intensities calculated at the B3LYP/6-31G(2df) level of theory [9]. Symmetrical
modes (of symmetry A) are shown in italics. For the connectivities of the S, isomers, see
Scheme 1. Experimental wavenumbers are given for comparison; assignments according to
[9] using experimental data from [17, 76]

Symmetry: Cy Con? C& Matrix infrared  Resonance
spectra Raman spectra
(12 K) [17] (hot vapor) [76]
v 674 649 665 683 (S,=9)4 678 (Cay)?
wl76 0/100  vs/26 635 (Cyp)©
601 (CZV: 2XV4)b
v, 649 vs/13 637 541 662 (Cyy) 575 (?)b<
vs/0 m/100 642 (Cyp)®
Vs 373 471 390 - 400 (Cyp: 2XV4)©
w/100 0/51 s/50 375 (Cay)®
Va 330 225 308 - 322 sh (Cyy: Vs+Vg)®
vw/35 0/55  m/27 303 (Cyy)°
Vs 207 124 215 - -
vw/1 w/0 w/52
Ve 104 93 164 - -
vw/33 vw/0 vw/41

2 Wavenumbers (unscaled; cm™) and relative infrared/Raman intensities as follows.
Infrared intensities: very strong-strong-medium-weak-very weak-0. Raman intensities:
0-100 (sh: shoulder). In the case of the centrosymmetric point group Cy, the rule of mu-
tual exclusion applies

b Observed in the spectra excited with blue-green light (488-530 nm)

¢ Observed in the spectra excited with red light (647 nm)

dObserved only after annealing of the matrix at 38 K; n > 4 [17]

¢ The other Raman lines calculated for this species at 471 and 225 cm™ may have been

obscured by the strong lines of Sg, S7, and Sg near 475 cm™ (stretching) and 213/232/
263 cm™! (totally symmetrical bending) in the Raman spectra of sulfur vapor

The wavelengths obtained for S, and S; agree reasonably well with the ex-
perimental spectra. From the S, data it follows that the isomer absorbing at
530 nm is of C,, symmetry and the one absorbing near 625 nm is of C,
symmetry, while the three-membered branched ring of C; symmetry must
be colorless. The data also indicate that the unstable C,, isomer of S, has
probably been detected in equilibrium sulfur vapor only because of its high
oscillator strength.

Billmers and Smith recorded the UV-Vis absorption spectra of sulfur va-
por at various pressures (9-320 Torr or 1.2-42.7 kPa) and temperatures
(670-900 K) but failed in obtaining the correct reaction enthalpy for the in-
terconversion of S; and S, from the absorption intensities [19]. The molar
extinction coefficient of S; at 400 nm exceeds that of S, at 520 nm by more
than one order of magnitude. While the S; absorption band at 360-440 nm
exhibits a vibrational fine structure, the two broad S, absorption bands at
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480-600 nm and at 610-660 nm are lacking any fine structure. Meyer et al.
compiled the vibrational assignment of the S; absorption bands [20].

The 520 nm absorption of S, has also been observed in the spectrum of
certain red-colored ultramarine samples [21]; the assignment of this band to
the C,y isomer of S, is supported by the simultaneously observed Raman line
at 678 cm™! which represents the symmetrical stretching vibration of the ter-
minal SS bonds of this molecule (see Table 1 below).

High-temperature sulfur vapor at low pressure is said to be pale-violet
due to the presence of S, [22]. The S, molecule in its triplet ground state has
also been produced by photolysis of H,S, [23], S,Cl, [20, 24], and Me,S, [25],
for example. The S, vapor spectrum is characterized by the Schumann-
Runge bands (°X, <%, transition; voo=316 nm [26]) which at high temper-
atures extend from the UV into the visible region and beyond due to vibra-
tional splittings (250-700 nm) [27, 28]. The electronic spectrum and the
electronic states of S, have been reviewed in 1965 by Barrow et al. [29]; the
electronic energy levels of S, were tabulated by Meyer et al. in 1972 [30] and
by Huber and Herzberg in 1979 [26]. For more recent studies, see [25, 31,
32]. Singlet S(*A) has also been produced by photolysis of sulfur com-
pounds such as H,S and COS [33]:

COS+h-v—CO+S('D)

S('D)+COS — S,('A)+CO

2.2
Liquid Sulfur

At all temperatures liquid sulfur consists of a complex mixture of all homo-
cycles from S¢ to at least S35 and of larger polymeric molecules of cyclic and
chain-like structure (collectively termed as S.,) [34]. At temperatures above
250 °C smaller molecules such as Ss, S4, S5, and S; are also likely components
of the liquid as the composition of the equilibrium vapor demonstrates [9]
(see above). In addition, branched rings and chains are probably minor
components at temperatures near the boiling point of 445 °C [35] (see be-
low).

At the melting point of 120 °C liquid sulfur is yellow due to its compo-
nents Sg, Sz, and S.. The symbol S, stands for all species soluble in CS, at
20 °C except Sg. With increasing temperature the color of the liquid changes
via orange and dark-red to dark red-brown [36]. The saturated sulfur vapor
shows the same colors. Several research groups have tried to use absorption
spectroscopy in the UV-Vis region to detect and identify the molecular spe-
cies responsible for the color changes of liquid sulfur [11, 14, 37-39]. Be-
cause of the extremely high absorbance of sulfur one usually obtains spectra
characterized by a steep absorption edge even if very thin films are investi-
gated. At 120 °C melt temperature this edge begins to rise at 480 nm (2.6 eV)
and is very steep near 450 nm (path length 0.1 mm). With increasing tem-
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perature the edge shifts to larger wavelengths. This red-shift is explained by
the increasing excitation of molecular vibrations resulting in a broadening
of the absorption bands of Sg. This view is in agreement with the measured
activation energy for the red-shift of 10+1 k] mol™! [40]. From about 400 °C
a strong increase of the absorption in the region of 950100 nm (ca. 1.3 eV)
is observed resulting in shoulders at the absorption edge. This absorption
band has been assigned to the chain-end atoms of free radicals S,” since the
temperature dependence of this absorption is about the same as that of the
ESR signal intensity [14, 39] (while in reality it is slightly smaller). The band
gap between the valence and conduction bands of liquid sulfur is 3.65 eV at
150 °C; it slightly decreases with increasing temperature [39]. For spectra of
liquid sulfur under high pressure recorded in the range 450-700 nm, see
[41]. Increasing pressure shifts the polymerization temperature to lower val-
ues and the absorption edge to larger wavelengths.

The spectra of very thin films of liquid sulfur exhibit absorptions which
are not present in the spectrum of pure cyclo-Sg. Even at as low a tempera-
ture as 145 °C a shoulder at 360 nm is observed which has been assigned to
S¢ [14]. This absorption band can also be seen in the spectra of liquid sulfur
at 250 °C [14, 37] and in the spectrum of the melt quenched from 250 °C [20,
37]. The assignment to Se is rather unlikely since this molecule has practical-
ly no absorption in this region [42]. Furthermore, the S¢ concentration at
145 °C is only 0.8% [43]. Most probably the 360 nm band is caused by the
collective absorption of the macromolecular components of z-sulfur, i.e., by
the rings larger than Sg which have higher extinction coefficients at 360 nm
than the smaller rings [42]. For example, cyclo-S;, has its longest wavelength
absorption maximum at 317 nm [42]. However, Tamura et al. [38] found a
linear correlation between the absorbance at 380 nm (3.25 eV) and the poly-
mer content of the melt quenched from temperatures in the region 160-
300 °C as determined by Koh and Klement [44]; they consequently assigned
this band to the central atoms in the polymeric chains of S.. Most likely
both the long chains and the large rings contribute to this absorption.

At temperatures of 300-700 °C an additional absorption was observed at
400 nm, and in the region of 500-900 °C another one at 520 nm [14]. By com-
parison with the spectra of sulfur vapor [3] as well as with the spectra of pho-
tolytic dissociation products of S;Cl, and S,Cl, the absorption at 520-530 nm
was assigned to the cis-planar isomer of the S, molecule (see above) and the
400-410 nm band to the bent S; molecule [20, 30]. The saturated sulfur vapor
contains about 1 mol% each of S; and S, at 500 °C but about 10 mol% each at
1000 °C [3, 45]. Below 300 °C these species are practically absent and there-
fore do not play any significant role in liquid sulfur. The deep red-brown col-
or of sulfur melts at temperatures above 400 °C has to be assigned to the mo-
lecules S; (greenish-yellow), S4 (C,y, purple-red), and the short-chain diradi-
cals S,© which will also contribute to the color. The latter are expected to ab-
sorb at various wavelengths owing to their widely differing chain-lengths.

In addition to the chain-like and cyclic species discussed so far the pres-
ence of branched rings and chains in sulfur vapor and in liquid sulfur has
been discussed [46] but no conclusive experimental evidence for such iso-
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mers is presently available. For example, an isomer of cyclo-Sg could be a
candidate since ab initio MO calculations at the very high G3X(MP2) level of
theory place the lowest energy isomer of Sg at only AG°9s=28 k] mol™
above the eight-membered ring of Dsyg symmetry [35]. This isomer is of C,
symmetry [47] and has the structure of a partly opened ring or a cluster-like
spiral (bond lengths in pm):

The concentration of this species in liquid sulfur was estimated from the
calculated Gibbs energy of formation as ca. 1% of all Sg species at the boiling
point [35]. In this context it is interesting to note that the structurally related
homocyclic sulfur oxide S;=0 is known as a pure compound and has been
characterized by X-ray crystallography and vibrational spectroscopy [48,
49]. Similarly, branched long chains of the type -S-S-S(=S)-S-S- must be
components of the polymeric S, present in liquid sulfur at higher tempera-
tures since the model compound H-S-S-S(=S)-S-S-H was calculated to be by
only 53 kJ mol ™! less stable at the G3X(MP2) level than the unbranched heli-
cal isomer of H,S4 [35].

In addition to the branched rings and chains, cyclic Sg conformations of
lower symmetry than Dyq4 are also likely components of liquid sulfur. For ex-
ample, the following exo-endo isomer of Sg (Cs symmetry) is by just 28 kJ
mol™ (AG°y;) less stable than the ground state conformation and therefore
its relative concentration in liquid sulfur and sulfur vapor at the boiling
point will also be 1% of all Sg species [35].

The HOMO/LUMO gaps of these isomeric sulfur molecules of branched
rings and chains are considerably smaller than that of the crown-shaped Sg
ring [35]. Therefore, the UV-Vis spectra of these species are expected to ex-
hibit absorption bands at longer wavelengths than the ground state structure
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Fig. 1 Absorption spectra of Sg and S; (left) as well as of Sg and S;, (right) in methanol
and methylcyclohexane (C;H;4) at 20 °C [42]

of Sg. In addition, these species possess a dipole moment in contrast to the
Ss ring of Dsg symmetry. All of these species can be expected to be present
in liquid sulfur at high temperatures [35].

Isomeric forms of cyclo-S¢ and cyclo-S; can also be suspected as compo-
nents of liquid sulfur at high temperatures. However, their relative energies
have not yet been calculated on a high enough level of theory to obtain reli-
able data.

2.3
Sulfur Solutions

The UV-Vis absorption spectra of the homocyclic molecules S, with n = 6-
10, 12, 15, and 20 have been recorded in methylcyclohexane and/or metha-
nol solutions at 20 °C in the range 200-360 nm [42]. Representative exam-
ples of the spectra are shown in Fig. 1. Their molar extinction coefficients
(¢) at 254 nm in methylcyclohexane solution linearly increase with the ring
size as the following data demonstrate (20 °C):

Se:£€=2400 S;:£=5550 Sg:e=6420 S;:e=13710

Therefore, the corresponding coefficients of other molecules may be esti-
mated by interpolation.
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It is interesting to note that the longest wavelength absorption band of
these homocycles more and more shifts to lower energies as the molecular
size increases. This effect can most clearly be seen in the spectrum of Sy,.

When Sg solutions in cyclopentane (1 mmol 17') were irradiated by
308 nm laser pulses four novel absorption bands at 325, 400, 530, and
640 nm appeared [50]. The absorptions assigned to S; (400 nm) and S,
(530 nm) decayed within microseconds. The other two peaks also disap-
peared very rapidly but their origin remained unexplained in 1985. However,
it is now evident that the 640 nm absorption is due to the presence of the
C,p isomer of S,. Evidently, Sg decomposes by the following reactions:

S3+S5 < Sg+h-v— 2S4(2 isomers)

It seems feasible that the 325 nm band originates from Ss the UV spec-
trum of which is still unknown.

Irradiation of cyclo-Sg dissolved in CS, by a high-pressure mercury lamp
at 20 °C produces the homocycles S;, S¢, S12, So, S19, and probably Ss in con-
centrations decreasing in this order. Irradiation of S¢ in CS; gives mainly Sg
and S; while irradiation of S; generates Sg and Sg. Similarly, photolysis of S;,
in CS; yields Sg, S7, and S¢ [51]. For these reasons UV-Vis spectra of com-
pounds containing S-S bonds must be recorded with caution not to trigger
decomposition reactions.

24
Solid Sulfur Allotropes

The color of a perfect dielectric is due to optical transitions of valence elec-
trons to the conduction band. In the case of isolated Sg molecules these tran-
sitions occur between the occupied 7* (HOMO) and the unoccupied o*
(LUMO) molecular orbitals which in the crystal form the valence and con-
duction bands, respectively. Since the van der Waals interaction between Sg
molecules in the crystalline allotropes is rather weak, the widths of the con-
duction and valence bands will be rather small. The minimal photon energy
at which such transitions are allowed (the absorption threshold) is the width
of the forbidden gap of an insulator. In the case where the onset of the opti-
cal absorption falls into the visible photon energy range, the color of the
crystal is determined by the photon energy of the absorption threshold and
by the spectral distribution of the intensity of the transitions. The HOMO/
LUMO gap of isolated Sg molecules has recently been estimated by high-level
ab initio MO calculations as 4.9 eV [35]. From the longest wavelength ab-
sorption maximum of Sg molecules in solution (280 nm) one obtains 4.4 eV.
In liquid sulfur the real part of the complex dielectric constant has a peak at
4.3 eV [38]. The solid allotrope a-Sg, however, is an indirect band gap mate-
rial, i.e., electronic absorptions are assisted by phonon processes besides
pure electronic transitions over the direct gap. A careful evaluation of the
optical absorption edge in orthorhombic sulfur at STP conditions yielded
2.61 eV for the indirect gap and 4.43 eV for the direct gap [52]. The mean
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phonon energy was reported as 0.117 eV (~ 944 cm™) which is two times
the wavenumber of the stretching vibration at 472 cm~L. In addition, it was
found that selenium impurities have a considerable effect on the absorption
edge [52]. Under high pressure, the absorption edge shows a red shift due to
broadening of the valence and conduction bands which results in a narrow-
ing of the energy gap, Eg,p. The pressure dependence of the optical absorp-
tion edge, dEg,,/dp, has been investigated several times [53-57]. The slope of
dEg,,/dp is slightly non-linear and of the order of 0.05-0.1 eV GPa™' below
10 GPa, depending on the method of evaluation of the gap energy. Disconti-
nuities in dEg,,/dp have been attributed to structural phase transitions [56,
57], and the photo-induced amorphization of a-Sg under pressure could be
correlated to the red shift of the absorption edge [58].

Commercial elemental sulfur is usually of “bright-yellow” color at 20 °C
[36]. Pure orthorhombic a-Sg is, however, of greenish-yellow color at 20 °C
but totally colorless at 77 K while commercial sulfur often remains pale-yel-
low at this temperature [59]. The reasons for this different behavior are two-
fold. Commercial samples are never pure Sg but besides traces of organic im-
purities they always contain S; in concentrations of between 0.1 and 0.5%
[59]. Sulfur found as a mineral in Nature sometimes also contains S; but in
addition traces of selenium are quite often present (up to 680 ppm Se, prob-
ably as S;Se molecules) [60]. These minor components influence the color of
the samples at ambient and low temperatures in the sense that a more or-
ange-type of yellow (“egg-yellow”) is recognized.

The various solid sulfur allotropes are all more or less yellow at 20 °C but
the scale ranges from the deep orange-yellow of S¢ to the pale yellow of Si,.
The color also depends on the particle size: As finer the particles as lighter
the color impression. Chemically produced Sg has in fact occasionally been
obtained as a colorless material at room temperature which only slowly
turns yellow as the initially tiny crystals grow [61]. The sample temperature
is also of decisive influence (thermochromic effect) [10] (see above).

The origin of the small S; content of all commercial sulfur samples is the
following. Elemental sulfur is produced either by the Frasch process (mining
of sulfur deposits) or by the Claus process (partial oxidation of H,S) [62]. In
each case liquid sulfur is produced (at ca. 140 °C) which at this temperature
consists of 95% Sg and ca. 5% other sulfur homocycles of which S; is the
main component. On slow cooling and crystallization most of the non-Sg
species convert to the more stable Sg and to polymeric sulfur but traces of S;
are built into the crystal lattice of Sg as solid state defects. In some commer-
cial samples traces of Sg or Sy were detected in addition. The “S; defects”
survive for years if not forever at 20 °C. The composition of the commercial
samples depends mainly on the cooling rate and on other experimental con-
ditions. Only recrystallization from organic solvents removes S; and, of
course, the insoluble polymeric sulfur and produces pure a-Sg [59].

The reflectance spectra of solidified liquid sulfur previously equilibrated
at temperatures of between 120 ° and 440 °C have been measured at 25 °C
and color pictures of these solidified melts were published [63]. These data
were used to explain the yellow, orange and red colors of the sulfur flows on
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Jupiter’s moon Io on which a number of very active sulfur volcanoes have
been discovered [64]. These volcanoes are powered by SO, gas which forces
the liquid sulfur from its underground deposits to the surface.

A thin film of a-Sg exhibits an absorption maximum at 285 nm with a
large wing extending to 350 nm at 25 °C [20]. The absorption is so strong
that crystals of a-Sg are opaque below 350 nm. The electronic absorption
spectrum of a-Sg is fairly well known [65-68]. The lowest energy electronic
transition of a-Sg was calculated as 324 nm (3.83 eV) [67] and as 3.6 eV [66,
68].

If the colorless crystals of a-Sg immersed in liquid nitrogen are irradiated
by sunlight they turn intense yellow within a few minutes [10]. The origin of
this color is unknown but most probably it is caused by one of the isomers
of Sg, maybe the one of C, symmetry shown above.

If hot sulfur melts or hot sulfur vapors at low pressure are frozen at low
temperatures highly colored samples are obtained which may be black,
green or red depending on the temperature and pressure conditions and on
the rate of quenching [69]. These colors originate from the small molecules
and radicals, present at high temperatures, which become trapped in the sol-
id sample. At room temperature these samples turn yellow, provided the sul-
fur has been very pure.

The optical properties of solid S¢ have been studied by ab initio MO cal-
culations of the energy band structure [70] but no experimental data for sol-
id S¢ are known.

3
Vibrational Spectra

3.1
Small Sulfur Molecules (S,, S3, S4, Ss)

3.1.1
Disulfur S,

Raman spectra of S, in its triplet ground state have been recorded both in
sulfur vapor and after matrix isolation using various noble gases. The
stretching mode was observed at 715 cm™! in the gas phase [46], and at
716 cm™! in an argon matrix [71]. From UV absorption and fluorescence
spectra of sulfur vapor the harmonic fundamental mode of the S, ground
state was derived as @, = 726 cm™'. The value corrected for anharmonicity
is 720 cm™! [26, 27]. Earlier reports on the infrared absorption spectrum of
S, in matrix isolated sulfur vapor [72] are in error: the observed bands at
660, 668 and 680 cm™! are due to S, [17] and other species [73].
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3.1.2
Trisulfur S;

Raman spectra of *?S; and **S; have been recorded using sulfur vapor [74]
while infrared spectra were measured after matrix isolation in solid argon
[75]. The S; molecule is of C,, symmetry. Therefore, all fundamental modes
are Raman and infrared active. The Raman spectra excited by lasers emitting
at wavelengths of between 407 and 515 nm are mainly resonance enhanced.
Accordingly, a large number of combination bands was observed. The three
fundamental modes of 2S5 (**S;) occur at v; = 581(564) cm™! (symmetrical
stretching) [74], v, = 281(273) cm™! (bending) [74], and, from infrared spec-
tra, v3 = 680(660) cm™! (asymmetrical stretching) [75]. In matrix isolation
experiments several different sites were occupied by the S; molecules result-
ing in slightly differing wavenumbers for its vibrations [75]. Force constants
have also been calculated [74].

3.13
Tetrasulfur S,

Raman spectra of Sy were recorded using saturated and unsaturated sulfur
vapor [76] while infrared spectra were measured after matrix isolation of
sulfur vapors in solid argon [17, 75]. The assignment of these spectra is
complicated by the occurrence of at least two isomers of S, and by the si-
multaneous presence of other species like S,, S; and, probably, branched
rings of the type S,=S with n > 4. The two isomers of S, observed so far are
of C,y and Gy, symmetry; see Scheme 1 above. Their calculated and—as far
as known—observed fundamental modes are given in Table 1. As can be
seen from these data, for none of the isomers the full set of six fundamental
modes has been observed yet. The claimed existence of the three-membered
branched ring isomer of S, (S;=S) of C; symmetry in sulfur vapor [76] or in
matrix isolated samples [17] has recently been shown to be in error [9].
For a more detailed discussion of the vibrational spectra of Sy, see [9].

3.14
Pentasulfur Ss

Vibrational spectra of S5 have not been reported.

3.2
Sulfur Rings Sg to Sy

3.2.1
Sg

The vibrational spectrum of orthorhombic a-Sg is the best studied amongst
the various sulfur allotropes. Experimental as well as theoretical investiga-
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tions have produced a large amount of data. Therefore, the Raman and infra-
red spectra of Sg will be discussed first.

3.2.1.1
The Free Sg Molecule

An eight-membered ring molecule has 3x8—-6=18 intramolecular vibrations
[77]. Since the molecular symmetry of Sg belongs to the point group Dyq the
representation of the internal vibrations is given by

Tint=2A1+B,+By+2E | +3E,+2E3

Vibrations of the symmetry class A; are totally symmetrical, that means
all symmetry elements are conserved during the vibrational motion of the
atoms. Vibrations of type B are anti-symmetrical with respect to the princi-
pal axis. The species of symmetry E are symmetrical with respect to the two
in-plane molecular C, axes and, therefore, two-fold degenerate. In conse-
quence, the free molecule should have 11 observable vibrations. From the
character table of the point group Dyq the activity of the vibrations is as fol-
lows: modes of A;, E», and E; symmetry are Raman active, modes of B, and
E, are infrared active, and B; modes are inactive in the free molecule; there-
fore, the number of observable vibrations is reduced to 10.

The first successful calculation of the fundamental modes and their as-
signment came from Scott et al. in 1964 [78] based on a Urey-Bradley force
field (UBFF) with six force constants. The force constants were calculated
from ten fundamental frequencies observed by Raman and IR spectroscopy
at that time. In addition, Steudel et al. [79-81] reported force constant calcu-
lations applied on the cyclic molecules S, S7, Ss, SsO, and Sy, respectively. It
was found that the force constants for a given type of vibration (stretching,
bending, torsion) are almost uncoupled. For example, the force constant re-
sponsible for the stretching vibration is mainly characterized by the contri-
bution due to the variation of the bond lengths. Accordingly, the various
types of vibrations are energetically well separated: stretching ~ 410-
480 cm™!, bending ~150-250 cm™’, torsion ~ 90 cm™!. Although most of the
frequencies could be reproduced within a few wavenumbers, the calculated
value of the E, bending vibration showed a relatively large difference of
about +10 cm™ to the observed value of about 152 cm™ [78, 79].

The frequencies of the Sg ring have also been calculated by means of MD
methods [82]. Since the intramolecular potential utilized corresponds to that
of Scott et al. the calculated value of the E, bending mode again deviates
from the experimental wavenumber. Attempts to reproduce the wavenumber
of this mode by additional force constants were not successful [79]. The ori-
gin of this peculiarity is still unknown and may trigger a new approach to
the intramolecular potential in Sg. On the other hand, by means of a general
valence force field (GVFF) including 14 (!) force constants which have been
fitted to 22 experimental frequencies of *2Sg and 34Sg the deviation was enor-
mously reduced (<1.5 cm™!) [83]. Furthermore, frequencies of the harmonic
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vibrations obtained by ab initio quantum chemical calculations (e.g., [84,
85]) match the experimental spectra only if empirical scaling factors are in-
troduced which depend on the method of calculation.

In the UBFF calculations as well as in the molecular dynamics simulations
the experimental wavenumber of the B; stretching vibration (~ 411 cm™)
could only be reproduced by introducing of an additional force constant
which accounts for the interaction of vibrations of adjacent bonds [78, 82].
This can reasonably be understood in terms of the bond alternation since
the stretching of one bond forces the neighboring bonds to shorten [79, 80].
Over the period of a stretching vibration the valence electrons undergo a re-
arrangement which causes a weakening of the stretched bond and a
strengthening of the adjacent bonds. The force constants derived for Sg were
found to be transferable to other highly symmetrical homocycles such as Sg
and Sy,, for example [80, 86].

Raman intensities of the molecular vibrations as well as of their crystal
components have been calculated by means of a bond polarizibility model
based on two different intramolecular force fields ([87], the UBFF after Scott
et al. [78] and the GVFF after Eysel [83]). Vibrational spectra have also been
calculated using velocity autocorrelation functions in MD simulations with
respect to the symmetry of intramolecular vibrations [82].

3.2.1.2
Crystals of a-Sg

In the crystal, the total number of vibrations is determined by the number
of atoms per molecule, N, and the number of molecules per primitive cell, Z,
multiplied by the degrees of freedom of each atom: 3ZN. In the case of a-Sg
(Z =4, N =8) this gives a total of 96 vibrations (!) which can be separated in
(3N—6)—Z = 72 intramolecular or "internal" vibrations and 6Z = 24 intermo-
lecular vibrations or lattice phonons ("external” vibrations). The total of the
external vibrations consists of 3Z = 12 librational modes due to the molecu-
lar rotations, 3Z—3 = 9 translational modes, and 3 acoustic phonons, respec-
tively.

The vibrations of the free molecule can be correlated with the vibrations
of the crystal by group theoretical methods. Starting with the point group of
the molecule (D4q), the irreducible representations (the symmetry classes)
have to be correlated with those of the site symmetry (C,) in the crystal and,
as a second step, the representations of the site have to be correlated with
those of the crystal factor group (D) [89, 90]. Since the C, point group is
not a direct subgroup of D4y of the molecule and of D,y of the crystal, the
correlation has to be carried out in successive steps, for example:

Dyg—Ds—D;—C,—Coy—Dap
molecule —  site — crystal

The transformation of the irreducible representations of the molecular
point group to those of the site is connected with a reduction of the symme-
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Table 2 Correlation of the molecular point group of Sg with the factor group of the ortho-
rhombic crystal (Dyg—C,—Dsy) [88]

Molecule Site Crystal®
Vibration® Energy (cm™)¢ Activity! Dy — C, — Dyt
v (s) 476 Ra 241 — 2a — 2ag+2big+2a,+2byy
v, (b) 218.5
Vs (s) (424) ia B, — a — agtbigta,tb,
vy (b) 243 IR B, — b — bagtbsgtbytbs,
Vs (s) 471 IR 2E; < 2a — 2ag+2big+2a,+2byy
Ve (b) 191 2b — 2b2g+2b3g+2b2u+2b3u
vy (s) 476 Ra 3E, < 3a — 3ag+3bigt+3a,+3b1y
Vg (b) 152.5 3b — 3b2g+3b3g+3b2u+3b3u
Vg (t) 86
V1o (S) 444 Ra 2E; < 2a — 2ag+2h1g+2au+2b1u
V11 (b) 248 2b — 2b2g+2b3g+2b2u+2b3u
Rz - (1a) A2 — b — b2g+b3g+b2u+b3u
Ry R, - (Ra) E; 4 a — agtbigta tb,

b — b2g+b3g+b2u+h3u
Tz - (IR) Bz — b — b2g+b3g+b2u+b3ue
Ty Ty - (IR) E, < a — agtbigtaytby,®

b — b2g+b3g+b2u+b3ue

@ Modes of a, symmetry are inactive, g = gerade modes are Raman active, u = ungerade
modes are IR active

bg= stretching, b = bending, t = torsional vibration of the molecule

¢ Experimental wavenumbers of Sg in CS, solution at room temperature [78, 79]. Calcu-
lated value for v; in brackets

4 Ra = Raman active, IR = infrared active, ia = inactive molecular vibration. R and T
denote rotations and translations, respectively

°A set of three acoustical modes (byy, by, b3y) with zero energy at the center of the Bril-
louin zone must be subtracted from the number of observable IR absorptions

try elements. The physical meaning is that the (static) crystal field enforces
its lower symmetry on the molecule. In consequence, the selection rules for
optical activity are changed (Table 2). For example, the v; stretching vibra-
tion, inactive in the free molecule (symmetry class B;), becomes Raman and
IR active in the crystal. In the case of the degenerate vibrations of the Sg ring
(E1, Ey, E3) the degeneracy is removed by the correlation procedure (Table 2).
The fact that the primitive cell contains four interacting molecules leads to a
resonance splitting of the molecular vibrations [91]. Each intramolecular vi-
bration then has four components in the crystal and, since the degeneracy of
the vibrations of Ej, E,, and Es, respectively, is lost, these modes split into
eight crystalline components (Table 2).

The factor group D,y of orthorhombic Sg includes an inversion operation;
therefore, the g-u exclusion principle works resulting in modes of either Ra-
man (gerade, g) or infrared activity (ungerade, u).
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Summarizing, in the crystal there are 36 Raman active internal modes
(symmetry species ag, big, by, bsg) and 26 infrared active internal modes
(b1ys bau, b3y) as well as 12 Raman active and 7 infrared active external vibra-
tions (librations and translations). Vibrations of the type a, are inactive be-
cause there appears no dipole moment along the normal coordinates in
these vibrations of the crystal.

The spectral distribution of the three types of internal vibrations is in ac-
cordance with that of the free molecule. The factor group splitting is rela-
tively large for the doubly degenerate torsional vibration vy (~25 cm™) and
for the bending modes vg and v (~11 and ~16 cm™!, respectively). There-
fore, the crystal field effects cannot be treated as a small perturbation on the
internal potential. The external modes extend over the spectral range 25-
77 cm™! which is close to the components of the torsional vibration, if not
overlapping with them (see below). Experimentally as well as theoretically
the intensities of the vibrations obey the following order with respect to
their molecular symmetry:

Ay ~E, ~E3;>B, ~E{>B (Raman)
E1 ~ Bz>E2 ~ E3 ~ A1>Bl (infrared)

The first Raman and infrared studies on orthorhombic sulfur date back
to the 1930s. The older literature has been reviewed before [78, 92-94]. Only
after the normal coordinate treatment of the Sg molecule by Scott et al. [78]
was it possible to improve the earlier assignments, especially of the lattice
vibrations and crystal components of the intramolecular vibrations. In addi-
tion, two technical achievements stimulated the efforts in vibrational spec-
troscopy since late 1960s: the invention of the laser as an intense monochro-
matic light source for Raman spectroscopy and the development of Fourier
transform interferometry in infrared spectroscopy. Both techniques allowed
to record vibrational spectra of higher resolution and to detect bands of low-
er intensity.

Since then, the vibrational spectrum of Sg has been the subject of several
studies (Raman: [79, 95-100], infrared: [101, 102]). However, because of the
large number of vibrations in the crystal it is obvious that a full assignment
would only be successful if an oriented single-crystal is studied at different
polarizations in order to deconvolute the crystal components with respect to
their symmetry. Polarized Raman spectra of samples at about 300 K have
been reported by Ozin [103] and by Arthur and Mackenzie [104]. In Figs. 2
and 3 examples of polarized Raman and FTIR spectra of a-Sg at room tem-
perature are shown. If the sample is exposed to low temperatures the band-
widths can enormously be reduced (from several wavenumbers down to less
than 0.1-1 cm™') permitting further improvements in the assignment.

Polarized Raman and infrared spectra of orthorhombic Sg at low temper-
atures were reported by Gautier and Debeau (30-50 K) [106] and by Becucci
et al. (< 20 K) [107]. Since natural sulfur is composed of isotopomers of the
Sg molecules (see below), the vibrational spectra of isotopically pure a-*2Sg
(°*S purity >99.95%) as well as of natural sulfur have been investigated in
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Raman intensity

100

Wavenumber (cm'1)

Fig. 2 Raman spectra of a single-crystal of orthorhombic Sg at three different polariza-
tions in which the off-diagonal elements of the Raman scattering tensor are non-zero
(b1gs bag, bsy), after [105]. However, Raman intensities of other polarizations like a; com-
ponents (~54 cm™!) penetrate in the spectra due to optical anisotropy in the crystal

o-Sg
ca. 300K
C
ke]
(7]
R
G v2
C
©
= V4
a

60 80 100 120 140 160 180 200 220 240
Wavenumber (cm-")

Fig. 3 Single beam IR transmission spectra of a single-crystal of orthorhombic Sg at two
polarizations (b;, ~ parallel to crystal c axis, by,+bs, ~ perpendicular to ¢) showing the
strong absorption of the IR active vibrations v, and vs (resolution: 2 cm™), after [105].
Sample thickness ~ 450 pm
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Fig. 4 Raman spectrum of the external and torsional vibrations of a single crystal of
0-328g (resolution: <0.1 cm™'), after [110]

the most recent study of Becucci et al. with high accuracy (Raman: ca.
+0.1 cm™!, FTIR: ca. £0.01 cm™!) and high resolution (Raman: ~ 0.2 cm™,
FTIR: < 0.05 cm™). As a result, some previously doubtful assignments could
be corrected and, additionally, isotopic line splitting of internal modes has
been observed (see below) [107-109].

3.2.13
External Modes and the Torsional Vibration vg

Figures 4 and 5 show the Raman and IR spectra of a-Sg in the range up to
about 100 cm™'. A comparison of these spectra with those presented in
Figs. 2 and 3 reveals that the linewidths are much smaller at low tempera-
tures (ca. 0.02-0.2 cm™!). The wavenumbers and assignments of the external
and torsional modes as reported by Gautier and Debeau [106] and Becucci
et al. [107] are listed in Table 3. The spectra in Figs. 4 and 5 clearly demon-
strate that there is no gap between the external vibrations and the crystal
components of the lowest internal vibration vy. Moreover, at about 76 cm™
an IR active lattice mode appears between two components of the funda-
mental vy at 74 cm™! and 79 cm™, respectively.

The classification of external modes into librations and translations was
ensured by group theoretical considerations and by comparison of expected
with observed intensities in the vibrational spectra [107]. In addition, it was
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Fig. 5 FTIR absorbance spectrum of the external and torsional vibrations of a single
crystal of a-Sg (resolution: 0.03 cm™!, sample thickness ca. 350 um), after [107]

argued that the energy of librational modes should be lower than that of the
translational modes [95, 106]. However, this assignment has to be regarded
as only tentative since lattice dynamical calculations of the eigenvectors of
the external modes showed that the modes will have at least a partially
mixed character [111-113].

The components of the low lying Raman doublet (b, bs3g) at about
30 cm™! exhibit a different temperature dependence which gives rise to a re-
verse assignment at 300 K [103, 104] in comparison to the low temperature
studies (< 20 K); see Figs. 2 and 3. In fact, the bands overlap at about 50 K
[114].

The intermolecular modes have been studied theoretically by lattice dy-
namical methods in the harmonic approximation [111, 113, 115-117] as well
as by molecular dynamics simulations [118]. Various models based on a
Buckingham 6-exp atom-atom potential have been applied: rigid-body [113,
116] and rigid-shell models [115], rigid-body including charge transfer
[111], and flexible molecule models [116-118]. In the flexible molecule mod-
els of Kurittu [116] and Gramaccioli and Filippini [117] the intramolecular
degrees of freedom were allowed to be excited and to couple with the exter-
nal vibrations. A mixing of external-internal character was found for the lat-
tice modes (b, ~ 65 cm™, by, ~ 76 cm™’, byy ~ 78 cm™") and for two compo-
nents of the vy mode (byg ~ 87 cm™, by, ~ 100 cm™) [116]. Interestingly, the
eigenvectors of an external mode at about 62.5 cm™ (bs,) were calculated as
being dominated by contributions of the internal degrees of freedom. Ac-
cording to the theoretical predictions, the mixing of eigenvector components
of vy with intermolecular degrees of freedom is also expressed by the pres-
sure and temperature dependence of the frequencies of the vy components
which have been studied experimentally. For example, the pressure depen-
dent frequency shifts of the Raman active components of vy (ca. 6-7 cm™!/
GPa) were found intermediate to the shifts obtained for lattice phonons (ca.
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5-10 cm™!/GPa) and for bending vibrations (ca. 0.5-4 cm™!/GPa) [109, 119,
120].

In addition, theoretically calculated dispersion curves and Raman intensi-
ties have been reported as well as results of neutron scattering experiments
[113, 115].

The density of states (DOS) of lattice phonons has been calculated by lat-
tice dynamical methods [111]. The vibrational DOS of orthorhombic Sg up
to about 500 cm™! has been determined by neutron scattering [121] and cal-
culated by MD simulations of a flexible molecule model [118, 122].

Up to now, the intermolecular potential models are only fair in reproduc-
ing the wavenumbers of the external modes. Although various refinements
have been made, none of the models seems to be superior to the others.
More recently developed intermolecular potentials have been applied to
structural and thermodynamical studies but not to the analysis of the vibra-
tional spectra [122-125].

3214
Bending Vibrations

Of the five bending vibrations of the Sg molecule three are Raman active (v,,
Vg, V11) and two are IR active (vg4, V). Most of the Raman active modes in the
crystal could clearly be resolved in spectra at low temperatures and by po-
larization measurements. For example, Fig. 6 shows the Raman active factor
group components of the vs mode obtained at three different polarizations.
In Fig. 7 an analogous IR spectrum is presented.

Figures 8 and 9 shows a part of the bending region at low temperature
containing the components of vg (150-160 cm™') and vy (190-200 cm™). The
Ve vibration, IR active in the free molecule, has weak components in the Ra-
man spectrum. According to theoretically calculated Raman intensities,
which almost perfectly fit the experimental spectrum, the b;; component
has a very low scattering cross-section [87] and is accidentally degenerate
with the b,; component at ca. 188 cm™'. The IR active components of vg
cause strong absorptions in the IR spectrum even if the crystalline sample
used for transmission studies is as thin as ~ 400 um [107, 109].

The strongest line in the Raman spectrum of a-Sg at ambient and low
temperature is the a; component of the v, mode (Fig. 10). The IR absorbance
was expected to be low; however, the b;, component is of moderate intensity.
The most intense absorption bands in the IR spectrum are the two compo-
nents of the v4 mode (b,,, b3,) which obscure two weakly absorbing compo-
nents of vy, leaving only the b,, component at 253 cm™! observable (Fig. 9).
Although vy, is Raman active in the isolated molecule, the crystal compo-
nents are not very intense in the Raman spectrum (Fig. 10) according to the
calculated intensities [87]. In contrast to the strong absorption of the IR ac-
tive components of vy, its by, and bsg counterparts are very weak in the Ra-
man spectrum (Fig. 10), which is again in excellent agreement with the cal-
culated intensities.
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Wavenumber (cm™)

Fig. 6 Polarized Raman spectra of the bending vibration vg (b1g, byg, bsg) in a single crys-
tal of a-Sg each showing the penetration of modes of other polarizations as weak shoul-
ders, after [105]

Absorbance (a. u.)

T
155
Wavenumber (cm’)

Fig. 7 Polarized FTIR absorbance spectra of the bending vibration vy in single crystals
of a-Sg ((a) natural a-Sg, thickness ~1 mm, (b)-(d) a->2Sg, thickness ~ 400 pm, resolu-
tion < 0.05 cm™), after [105, 109]
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Fig. 8 Raman spectrum of the bending region in the range of vs and v¢ in single crystal-
line 0-3%Sg (resolution < 0.1 cm™?), after [110]
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Fig. 9 Polarized FTIR absorbance spectra of the bending region in the range of vg, v,, 4,
and vy;, respectively ((a) natural o-Sg, thickness ~1 mm, (b)-(d) a-*2Ss, thickness ~
400 pm, resolution < 0.05 cm™!), after [105, 109]
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Fig. 10 Raman spectrum of the bending region in the range of v,, v4, and vy, respectively
(resolution < 0.1 cm™!, single crystal), after [110]. The intensity in the range 230-
260 cm™ is enhanced by a factor of 4

3.2.15
Stretching Vibrations

The most prominent feature in the region of the stretching vibrations (410-
480 cm™) is the signal near 475 cm™! which is composed of ten components
in the Raman spectrum and of seven components in the IR spectrum. Even
at low temperatures and high spectral resolution (< 0.1 cm™) the factor
group components are difficult if not impossible to resolve. However, ac-
cording to the calculated Raman intensities [87] the most intense lines are
those of a; symmetry as can be seen in Fig. 11. Although Gautier and De-
beau [106] proposed a complete assignment for all symmetry species, it
must be stated that the assignment of the weak components is doubtful due
to the penetration of the strong a; components in other polarization geome-
tries (suitable for big, by, bsg). In addition, accidental degeneracies of the
weak components have likely to be taken into account. A similar problem
arises in the IR spectrum. The strongest lines are expected for the compo-
nents of vs which is IR active in the free molecule (E; symmetry). Analo-
gously, the strong absorbing components of v4 at 240 cm™! obscure the
weakly absorbing components of the molecular Raman active modes of v;;.
Therefore, the shoulder at 477 cm™' might be assigned to the b;, component
of vy, see Fig. 12.

The stretching vibration v, at about 440 cm™ has four Raman active
components in the crystal. However, in the low temperature spectra there is
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Fig. 11 Raman spectrum of the stretching vibrations in single crystal a-*2Sg (resolution
< 0.1 cm™), after [110]

only one sharp peak visible due to the a, component accompanied by weak
and broad bands at lower energy (Fig. 11). The band shape of the IR absorp-
tion of vy is similar; the absorption is mainly caused by the b,, component,
while the by, and b5, components are of low intensity.

The v; mode observed at about 415 cm™! is inactive in the free molecule
and, therefore, the factor group components are very weak in the Raman

(a) 32
Vy 04 S8 Vi
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€ b AT
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§ '\1 \ b*b, | 3
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Fig. 12 FTIR absorbance spectra of the stretching vibrations in single crystals of o-Ss.
(a) Polarized spectra of v3 and viq in a-*2Sg (resolution < 0.05 cm™!), after [105, 109], (b)
unpolarized spectrum of the strong absorbing manifold of components of v;, vs, and vy,
respectively, in natural a-Sg (resolution ~ 0.5 cm™), after [109]
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and IR spectra. The infrared absorption (b;,) shows a pronounced line split-
ting in sulfur samples of natural isotopic composition (see below).

Most of the many modes of o-Sg have been assigned to their symme-
try class. However, some strong infrared absorptions (v, ~ 240 cm™,
Vs ~ 470 cm™') and weak Raman lines (v;; ~ 250 cm™) as well as signals
originating from accidental degeneracies (e.g., Vi, Vs, and v; at around
475 cm™') were difficult to assign.

The wavenumbers of the internal modes have been calculated by LD [116,
117] and MD methods [118]. In general, the results are in qualitative agree-
ment with the observed signals and factor group splittings. However, the re-
sults are not sufficient to improve the assignment of modes based on experi-
mental studies. For example, the Raman active components of vy were re-
ported to have a factor group splitting of 2 cm™! (MD [118], LD [117]) and
8 cm™! (LD [116]) while the splitting is in fact 12 cm™. These deviations are
probably caused by the inadequate intermolecular potential, as discussed
above. The splitting of modes of higher energy is much better reproduced
by the theoretical models. The observed wavenumbers and their assign-
ments have been discussed in detail elsewhere [109].

3.2.1.6
Effects of Isotopic Impurities

Natural sulfur is composed of the four stable isotopes 25, *3S, S, and %S
with natural abundances of 95.02, 0.75, 4.21, and 0.02%, respectively [4].
Since the vibrational frequencies depend on the masses and force constants,
the isotopic impurities are expected to have observable effects on the vibra-
tional spectrum. For example, if the Sg ring is infected by only one *S atom
(**S,%%S;) the mass variation is %/g4 ~ 3% in the case of an S-S stretching vi-
bration and %/,55 ~ 0.8% in the case of external vibrations [126]. Although
348 is present only with 4.21%, the probability to find one **S atom in a ring
of composition **$,°%S; is 23.6% as calculated by binomial statistics. Accord-
ingly, the isotopomer *2Sg has a natural probability of only 66.5%. On the
other hand, 94% of the heteronuclear rings arise from the *S isotope which,
therefore, can be treated as the main isotopic impurity in natural sulfur
("*Sg). Every fourth Sg molecule in the primitive cell of orthorhombic Sg is a
343,328, isotopomer, and 10% of the molecules in "'Sg are of other heteronu-
clear compositions.

The presence of isotopic impurities causes clear effects in the vibrational
spectra. Almost all modes studied so far show frequency shifts on *25/*S
substitution [81, 107]. The average shift of the internal modes is ca.
0.6 cm™!, and of the external modes it is 0.1-0.3 cm™! (Tables 3, 4 and 5).
Furthermore, the isotopomers which are statistically distributed in crystals
of natural composition can act as additional scattering centers for the pho-
non propagation. Therefore, in such crystals the lifetime of the phonons is
shortened in comparison with isotopically pure crystals and, as a conse-
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Fig. 13 Isotopic line splitting of the v; stretching vibration in single crystalline a-"*'Sg
(see also Fig. 12(a)), after [108, 109]. The origin of each absorption band is indicated by
an isotopomer present in crystals of natural composition. While the 32Sg absorption
could be fitted by a Lorentzian band profile, the remaining peaks were dominated by
the Gaussian contribution in the Voigt band shapes (solid lines below the spectrum).
The sum result of fitting the isotopic absorption bands is inserted in the measured spec-
trum as a solid line

quence, the bandwidth of the Raman and absorption lines is increased [127-
129]. Phonon relaxation processes in a-*2Sg and a-"*Sg have been studied by
high resolution Raman and FTIR techniques [108, 114, 130]. By evaluation
of the temperature dependence of the Lorentzian band profiles it was found
that the relaxation of the modes is mainly due to three-phonon processes in
both the natural and isotopically pure crystals. However, while the
wavenumbers of the modes are affected by the isotopic impurities, the im-
pact on bandwidths is mode-selective, and this observation was explained
for internal vibrations in terms of resonant scattering processes [114, 130].

Isotopic line splitting has been studied by MD simulations on a free Sg
ring [131] but has been observed only for IR active internal vibrations [107,
108]. For example, the IR active b;, component of the molecular inactive v;
mode (~ 416 cm™) is composed of at least five absorptions in the natural
crystal which can be assigned to the most abundant isotopomers (Fig. 13)
[108, 109]. As can be seen by comparison of Fig. 13 with Fig. 12(a), the band
origin of the by, vibration in natural sulfur crystals which corresponds to
the 32Sg ring is shifted by about 0.3 cm™! towards higher energy with respect
to the band origin in a-*2Sg. Moreover, the relative intensities do not reflect
the natural abundance of the isotopomers [108]. However, wavenumber
shifts and intensity changes have been interpreted in terms of a resonance
interaction [109]. Since a mixing of the eigenvector components of v; with
the much stronger bands at 475 cm™! was assumed, the interpretation of iso-
tope effects is much easier in the case of the torsion vibration vs.

Due to the large factor group splitting of about 25 cm™! the bands of the
torsional vibration are well separated (Fig. 5) and the isotope effect on the
frequency was calculated to about 0.6 cm™ [131]. Figure 14 clearly demon-
strates the broadening and splitting of the b5, and b;, components of vy as
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Fig. 14 FTIR absorbance spectra of the bs, and b;, components of the torsional vibra-
tion vy in single crystals of a-"%Sg (top) and a-*2Sg (bottom), after [105, 109]. In the a-
324 crystal, the by, component is strong absorbing which led to a cut-off. The solid line
in the a-%2Sg spectrum is a result of soft smoothing, while the solid lines in the o-"'Sg
spectrum resulted from a fit to Voigt profiles

well as the wavenumber shifts and considerable intensity changes. As the
bands in the natural crystal can be fitted each by two Lorentzian band-
shapes, only the main impurity **S;2S; has to be taken into account. In an
isotopically pure #2Sg ring, the vy vibration has E, symmetry. Substitution of
a 32S atom by *%S leads to a change of molecular symmetry from Dyq to C;
which removes the two-fold degeneracy of v (Fig. 15); however, the distor-
tion is small [131]. The two vy vibrations of **S;%S; are of A’ and A” symme-
try. In the crystal, each mode splits in two components (A" corresponds to
ay and bsy, A” to by, byy), c.f. Fig. 15. Thus, in the natural crystal the by, and
by, components mentioned above are provided by the 32Sg rings (66%) as
well as by the *4S,°2S; rings (24%). Since one molecule of the primitive cell
is a *5,°’S; isotopomer, resonance interaction occurs between the compo-
nents of the same symmetry class leading to line splitting [109].

From an energetic point of view, the bands at higher wavenumbers can be
assigned to the *?Sg rings. However, the intensities were found as ca. 0.65:1
(pure : infected) instead of 2.8:1 which would be expected from the natural
abundance of the isotopomers. These discrepancies were solved by applying
the mathematical formalism utilized in the treatment of intramolecular Fer-
mi resonance (see, e.g., [132]). Accordingly, in the natural crystal we have to
deal with vibrational coupling between isotopomers in the primitive cell of
the crystal [109].
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Fig. 15 Energy level scheme of the isotopic line splitting of vy in terms of the free mole-
cules (**Sg and S,%2S; as the main contributions) and of the orthorhombic crystal with
natural abundance of isotopomers, after [109]. Numerical values are observed
wavenumbers (in cm™), values in brackets came from MD simulations on free rings
[131] and in the case of a, from LD calculations [116, 117]

3.2.1.7
Overtones and Combination Vibrations

The large number of modes in orthorhombic Sg results in a manifold of
overtones and combination bands in the vibrational spectra [133]. As an ex-
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Fig. 16 Raman spectrum of two-phonon processes in single crystalline a->2Sg in the
range 500-1000 cm™!, after [109]. The strong bands in the range 800-950 cm™! result
from combinations of components of the stretching vibrations
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Fig. 17 FTIR absorbance spectrum of two-phonon processes in single crystalline a->2Sg
in the range 550-1000 cm™, after [109]. The strong bands in the range 800-950 cm™
result from combinations of components of the stretching vibrations. The insert shows a
numerical deconvolution of the prominent spectral feature between 750-950 cm ™

ample, Figs. 16 and 17 show such signals in the spectral range 500-
1000 cm™'. The assignment of these bands is difficult due to the large num-
ber of possible processes. The intensities of the combinations are about 1%
compared to the fundamental modes. The combinations are more intense at
higher temperatures because of the thermal population of the phonon DOS.

Important contributions on the Raman side came after 1970 which could
make use of the well established assignment of the fundamentals in inter-
preting the spectra [97-99, 134]. The most complete studies on two- and
three-phonon processes have been carried out by Harvey and Butler (Ra-
man, only gxg combinations assigned) [100] and by Eckert (Raman and IR)
[109].

3218
High-Pressure Studies

Application of high pressure causes the spectrum of a crystal to expand
since the “springs” are stiffened as a consequence of the potential anhar-
monicity. The pressure effect on the external modes is stronger because of
the weaker intermolecular potential. For molecular crystals like o-Sg a scal-
ing law for the pressure dependence of the inter- and intramolecular force
constants was predicted [135]. Generally, in the Griineisen concept a dimen-
sionless parameter p relates the phonon frequency @ of a crystal to its vol-
ume V by ox V77 . In the model of Zallen for molecular crystals, external
modes should have p.~2 and internal modes should behave according to
Yint ~ a)int_z-

Several studies confirmed the high-pressure response of sulfur crystals by
Raman [109, 119, 120, 135-137] and IR spectroscopy [109,138] . According-
ly, external and torsional vibrations have values for the mode Griineisen pa-
rameter around 2, and the parameters of the bending and stretching vibra-
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tions are frequency dependent spanning a range from 0.2 to 0.005. Moreover,
it was predicted that the high energetic factor group components of internal
modes should have a stronger dependence on pressure (and temperature)
variation which was confirmed, too [109].

In addition, intensity changes under increasing pressure have been ob-
served. For example, the most intense Raman line at STP conditions is the
ag component of v, (~ 220 cm™), but at about 2 GPa the intensity decreases
in favor of the a;, component of v; (~ 475 cm™!) which on further compres-
sion gains more intensity (about a factor of 2 at 5 GPa) [120]. This behavior
was explained by the anisotropy of the crystal’s compressibility [139] and
differences in the components of the Raman tensor of the two modes [87]
with respect to the crystal axes [109].

The pressure dependence of wavenumbers has been investigated theoreti-
cally by LD methods on the basis of a Buckingham 6-exp potential. In the
studies of Pawley and Mika [140] and Dows [111] the molecules were treated
as rigid bodies in order to obtain the external modes as a function of pres-
sure. Kurittu also studied the external and internal modes [141] using his
deformable molecule model [116]. The force constants of the intramolecular
potential (modified UBFF) were obtained by fitting to the experimental
wavenumbers. The results of these studies are in qualitative agreement with
the experimental findings.

3219
Crystals of B-Sg

For monoclinic 3-Sg Raman, infrared as well as neutron scattering data have
been reported. Besides more qualitative studies [94,121,142-145], Gautier
and Debeau had published a detailed analysis of the Raman spectrum of -
Ss at different temperatures [146]. At 373 K the spectrum of the internal vi-
brations above 100 cm™ is qualitatively similar to that of orthorhombic Sg
at and above 298 K (Fig. 18, top) in accordance with previous Raman and IR
studies [94]. The region of the torsional and external modes, however, is
characterized by one broad band with more or less distinct peaks (~ 34, 42,
82 cm™') and a few shoulders, typical for a disordered structure (Fig. 19,
top). At the order-disorder transition at 198 K remarkable changes occurred
in both spectral regions, and at low temperature (40 K) some of the internal
modes split into doublets while in the low frequency range a rich pattern of
well resolved lines appeared. Since 3-Sg contains 6 molecules per primitive
cell (factor group C,), the prominent totally symmetric v, vibration, for ex-
ample, showed four Raman components. Gautier and Debeau proposed an
explanation of the spectral features on the basis of molecules on general and
pseudo-centric positions in the unit cell of 5-Sg. However, a partial acciden-
tal degeneracy of modes has to be taken into account. Since the authors
could not obtain oriented single crystals of -Sg, no analysis of the spectra
by means of different polarization geometries could be performed [146].
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Fig. 18 Raman spectra of the stretching and bending vibrations of 3-Sg at two different
temperatures corresponding to the twofold disorder of one-third of the molecules
(373 K) and to the ordered structure (40 K), after [146]. Spectral resolution was
0.75 cm™

3.2.1.10
Crystals of 5-Sg

To the best of our knowledge, no vibrational spectra of this allotrope have
been reported.

3.22
S6

The chair-like S¢ molecule is of D;g symmetry [147] and due to the center of
inversion in this point group the rule of mutual exclusion applies. Therefore,
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Fig. 19 Raman spectra of the torsional and external vibrations of 3-Sg at two different
temperatures showing the dramatic change due to the order-disorder transition, after
[146]. Spectral resolution was 0.75 cm™

of the 12 intramolecular vibrational degrees of freedom only 5 are infrared
active and 6 are Raman active. However, twofold degeneracies reduce the
number of observable fundamental modes to 3 in the IR spectrum (14,, and
2E,) and 4 in the Raman spectrum (24,4 and 2E,); a mode of A;, symmetry
is inactive. In addition, several combination modes have been observed as
well as lattice modes for solid S¢. While the librational lattice modes are Ra-
man active (ag, eg), the translational modes (ay, e,) are acoustic phonons
and, therefore, not observable in the IR spectrum. Since the primitive cell of
rhombohedral S¢ contains only one molecule the intramolecular modes have
no factor group splitting in the crystal spectra. The reduction of symmetry
(D33g—Cs;) causes the A}, mode to gain IR activity in the crystal (symmetry
class ay).

While the Raman spectrum of Sg has been investigated many times and at
different conditions, the infrared spectrum is less well known and only two
reports can be found in the literature [148, 149]. In Table 6 the observed sig-
nals are listed together with their assignments, and Fig. 20 shows the very
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Table 6 Infrared and Raman spectra of Sq in the solid state and in CS, solution at 20 °C with
assignments according to [148, 149, 151]. Wavenumbers in cm™Y; relative intensities: very
strong-strong-medium-weak-very weak

Infrared, Infrared, Raman, Raman, Symmetry class Assignment®
solid solution solid solution

Molecule  Crystal

- - 79 s Eg eg Libration®
- - 106 w © Axg ag Libration®
180 s E, ey Torsion
202s 204 w Eg eg Bending
262's 266 w Ayg ag Bending
313s 312m Ay ay Bending
(390 vw)d Ay or CS;  ayorCS, (Stretching)
448 s 451w Eg eg Stretching
463 s 462 s E, ey Stretching
471 vs 476 m Ay a, Stretching
520 w 515 vw 3134202
593 m 590 w 390+202
607 w 4634202
764 w 448+313
840 m 852 m 448+390

?Bending and torsion modes are heavily mixed

b Assignment of the symmetry class based on the observed pressure dependence of Ra-
man intensities has been performed on group theoretical considerations with respect to
the molecular geometry [150]

€ Observed at —90 °C [151]

4 Observed on the wing of the CS, bending mode. Occurs in violation of the selection
rules of the point group Dsq4 but is IR active under the Cs; factor group of the crystal.
Could also be a combination vibration or caused by the CS, impurity which was present
in the sample (see text)

simple low-temperature Raman spectrum of Se. Systematic studies on the
temperature dependence of the Raman spectrum have been published [150].
However, the assignment of the very weak IR band at 390 cm™ to the inac-
tive A;, mode is still somewhat uncertain (see below).

Wong [152] predicted the wavenumbers of the harmonic fundamental
modes of isolated S¢ molecules by ab initio calculations at the CIS/6-
311+G(2df) level as follows: 478, 460, 440, 354, 324, 263, 203, 163 cm™'. While
the wavenumbers of all directly observable modes (Table 6) agree with these
calculated numbers within 17 ¢cm™, the inactive A;, mode assigned at
390 cm™! [148] disagrees by 36 cm™, indicating an erroneous assignment.
This mode has been claimed to be observable as a weak IR band on the high
frequency side of the wing of the CS, bending fundamental (which is usually
located at the same wavenumber of 390 cm™ [153]). CS, was present in the
sample which was prepared by spraying a CS,-solution of S on a CsBr win-
dow. It is quite possible that both IR absorptions observed near 390 cm™
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Fig. 20 Raman spectrum of solid Sg at —90 °C. The lines at 84 and 106 cm™ represent
lattice modes [151]

originate from the CS, bending mode as has been observed in the case of
S12:CS; [79]. Two combination vibrations observed in the infrared spectra of
S have been assigned using the 390 cm™! absorption as a fundamental mode
[148] (see Table 6). However, if this absorption were due to the combination
vibration 180+202 cm™! (eqteg) or, most likely, due to CS, the assignments of
two other combination vibrations in Table 6 would change accordingly. Thus,
it is obvious that the infrared spectrum of S¢ needs to be reinvestigated.

Force constants of S¢ have been calculated from the data in Table 2 using
the general valence force field (GVFF) [148, 149] as well as the Urey-Bradley
force field [80] (UBFF) although there is insufficient data to evaluate all the
interaction constants since no isotopomers of S¢ have been measured by vi-
brational spectroscopy. The stretching and bond interaction force constants
were reported as f; = 2.24 and f;; = 0.53 N cm™, respectively [149]. However,
because of the uncertainty regarding the A;, mode of S¢ the published force
constants [80, 148, 149] may be unreliable.

3.23
57

The free S; molecule is of C; symmetry but in its various solid allotropes it
occupies sites of C; symmetry [154]. In any case, in these point groups all
fundamental modes are infrared and Raman active and no degeneracies oc-
cur. Four allotropes of S; (a, B, 7, 8) have been identified by Raman spec-
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Table 7 Raman and infrared spectra of cycloheptasulfur (wavenumbers in cm™', Raman in-
tensities in brackets, abbreviations: b broad, sh shoulder, v very, s strong, m medium, w
weak). Raman lines below 100 cm™! are lattice vibrations [81]

Raman IR Assign-
ment
a—S7 ﬁ—S7 })—57 5—57 in CSZ solid (OC) in CSZ
530(4) 528(6) 523(4) 527(3) - 526sh - A
518(44)  518(42) 510(24,b)  518(21) 520m  513vs  518vs A’
514(21,sh) 511(25,sh) - 510(8,sh) 515sh - - 360+155
481(87)  480(88) 481(58) 480(44) 485 s 480 s 482m A
459(13)  459(13) 459(6) 460(6) 462w  461m 463 s A
420(1,b)  420(1, b) 420(1,b)  419(2,b) - - - 239+185
400(85)  400(87) 400(48) 400(100) 402 m-s 400vs  obscured A’
by CSZ

- 395(28,sh) - 396(30,sh) - - - A
- 362(45) 364(64) 363(19) 362s - - A
355(52)  358(37) - 358(15) - 357 vw - 242+49
- - 292(6) - - - -
285(13)  285(17) 285(8) 285(5) 289w 282sh 288vw A"
270(12)  270(14) 274(16) 270(9) 274w 270vs  270s A
241(sh) - 242(82) - - - - A'+A
239(59)  239(71) 237(20, sh) 239(53) 238vs 2355 236's A'+A"
- - 199(4) 201(1) - 194 m 195m A’
185(24) 185(35) - 185(26) 174 m A
180(22) 182(30,sh)  178(47) - - 180 m?* A
- - 159(11) - - 59+62
157(45) 155(48) 151(62) 155(25) 153s* - A
150(8) - - 150(5) - 79+79
145(13) 146(16) 143(17,sh)  147(5) 146 m?* A

95(12) 93(22) 85(40) 93(18)

79(100)  80(100) 79(55) 80(80)
- 75(39,sh) 7 1(19) 75(28)
- 68(20) 62(80) 68(10)

57(81) 60(93) 59(81) 60(29)

52(81) 55(70) 54(79) 56(39)
- 47(32) 49(100) 50(14)

41(12) 39(38) 39(12) 40(13)

33(10) 33(13) - 33(7)
- 19(25) - 20(13)

2 After [155]

troscopy, but their spectra differ only slightly in wavenumbers and relative
intensities [81]. Since solid S; is unstable at 20 °C, spectra are difficult to
record unless the sample is cooled to —100 °C, for instance. However, in CS,
solution S; is stable at room temperature in the dark. In Table 7 the Raman
and infrared spectra of S; solutions and of the various solid allotropes are
given as far as known [81, 155]. Only the crystal structures of p-S; and 6-S;
have been determined [154].
As an example, the Raman spectrum of a-S; is shown in Fig. 21.
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Fig. 21 Raman spectrum of a-S; at —100 °C [81]

3.24
Sg

Raman spectra of solid Sy have revealed that this compound crystallizes as
two allotropes, termed a-Sy and 3-Se; see Fig. 22 [156, 157]. These allotropes
were obtained by recrystallization from different solvents or at different tem-
perature and concentration conditions but often mixtures of the two forms
were observed. No detailed assignment of the recorded Raman lines has
been published so far (see Table 8) and consequently no force constant cal-
culation for Sy is available. The crystal and molecular structures of a-Sy were
determined by X-ray diffraction on single crystals [157]. The molecular
symmetry is C, but the site symmetry is C;. Therefore, no degeneracies are
expected. The nine SS stretching modes of Sy give rise to 7 Raman lines in
the 414-485 cm™' region. The symmetrical SSS bending mode is observed as
a very strong line at 181/188 cm™!. In sulfur homocycles the wavenumber of
this mode is indicative of the ring size [156]. The similarity of the spectra of
a- and 8-Sy support a similar molecular conformation for the -allotrope as
was found in the a-form. On the other hand, the Raman spectra of Sy are
different enough from those of all other sulfur homocycles that an unequiv-
ocal identification is possible.

3.25
510 and 55'510

In the monoclinic crystals of cyclo-decasulfur the molecules occupy sites of
C, symmetry although the molecular symmetry is close to D, [151, 158]. In-
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Fig. 22 Raman spectra of a-Sq (top) and of B3-Sy (bottom) at —100 °C [157]

frared and Raman spectra of solid S;, have been recorded but no assignment
of the spectra has been published [151, 159]. The SS stretching modes are
found in the region 400-500 cm™' and all other modes occur below
260 cm™'. Interestingly, Sy is a constituent of another allotrope of composi-
tion S¢Sy in which layers of S¢ and S;y molecules alternate with each other
[151]. In these crystals the site symmetries are C; for S¢ and C, for Syo. The
vibrational spectra of S¢Sy crystals are practically a superimposition of the
spectra of the two components. Wavenumbers are given in Table 9.
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Table 8 Wavenumbers of the Raman lines of a- and 8-Sy at —100 °C (cm™; relative intensi-
ties in parentheses; sh = shoulder) [157]. Columns 1+2: stretching modes, columns 3+4:
bending modes, columns 5+6: bending, torsion and lattices modes

1 2 3 4 5 6

0—Sg B=So a—Sy B=So =Sy B=So

485 (10) 483 (11) 297 (13) 300 (12) 117 (31) 114 (76)

477 (16) 476 (20) 256 (12) 251 sh 111 sh

463 sh 460 (93) 245 (23) 248 (36) 104 (58) 104 sh

454 (100) 454 (100) 222 (26) 224 (32) 100 sh 84 (100)

442 sh 440 sh 215 (31) 218 (23) 78 (67) 71 (37)

436 (49) 437 (68) 188 (90) 181 (88) 57 (50) 61 (46)

416 (11) 414 (18) 181 sh 46 (33) 59 sh
161 (37) 167 (27) 43 sh 47 (38)
155 (28) 153 (15) 41 sh 44 sh
151 sh 27 (35) 33 (53)

Table 9 Raman spectra (=90 °C; 500-100 cm™!) and infrared spectra (CsI disc; 25 °C) of Sy
and S¢'S1o. Wavenumbers in cm ™, relative Raman intensities in parentheses [151]

SIO; Raman 86'810; Raman SIO; IR S6‘Slo; IR
495(6)
487(16) 489(4) 482 w 483 w
481 sh 479(69)
469(36) 466(38) 456 vw 461 vs
466 sh 461 sh
455 sh
451(21)
425(5) 428(19)
403(2) 408(4)
387 vw?
310 m
272(31)
255(5) 265(3) 264 vw
246 sh 249(6)
243(24) 240(15) 244 sh 242 vs
239 vs 240 sh
231(3) 228(3) 226 sh 231 sh
225(1) 220's 221 m
207(17) 211s
201 (19) 204 m-s 207 sh
178(31) 172(29)
155(2) 145(3)
131(20) 136(10)
100(19) 103(26)

# May be caused by traces of CS,
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Fig. 23 Infrared and Raman spectra of solid S;; at =100 °C [162]

3.2.6
S

Cyclo-Undecasulfur S;; was first prepared in 1982 and vibrational spectra
served to identify this orthorhombic allotrope as a new phase of elemental
sulfur [160]. Later, the molecular and crystal structures were determined by
X-ray diffraction [161, 162]. The S;; molecules are of C, symmetry but occu-
py sites of C; symmetry. The vibrational spectra show signals for the SS
stretching modes between 410 and 480 cm™' and the bending, torsion and
lattice vibrations below 290 cm™! [160, 162]. For a detailed list of wavenum-
bers, see [160]. The vibrational spectra of solid S;; are shown in Fig. 23.

3.2.7
512 and Su’CSZ

The molecule S5, like Sg, is of D3g symmetry but in the solid state it occupies
sites of the much lower C;; symmetry [163]. Due to the low solubility and
the thermal decomposition on melting only solid state vibrational spectra
have been recorded [2,79]. However, from carbon disulfide the compound
S12:CS, crystallizes in which the S;; molecules occupy sites of the high Sg
symmetry which is close to D3q [163]. The spectroscopic investigation of this
adduct has resulted in a revision [79] of the earlier vibrational assignment
[2] and therefore also of the earlier force constants calculation [164]. In
Fig. 24 the low-temperature Raman spectra of S;; and S;,-CS, are shown.
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Fig. 24 Raman spectra of solid S;, (bottom) and of S;,-CS; (top) at —80 °C. The weak line
at 651 cm™! (with isotopic satellite) originates from CS; [79]

The full vibrational spectra and the assignment of the observed infrared and
Raman signals are presented in Table 10.

The spectra of S;; and S1,-CS; clearly reflect the differing site symmetries
of the S;, molecule: The two E, vibrations at 188 and 245 cm™!, degenerate
in $1,-CS,, split into their components in pure S;, with its non-degenerate
site symmetry of C,,. The valence force constants calculated for S;, repro-
duce the observed wavenumbers within +14 cm™! [79]. The two most inter-

esting constants are f; = 2.41 and f;; = 0.60 N cm™.
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Table 10 Vibrational spectra of S;; and S;,-CS; (infrared spectra at 20 °C, Raman spectra at
—80 °C) [79]. Assignment of the S;, vibrations on the basis of D34 symmetry. For intensity
labels, see Table 7

Si12, IR S12, Raman S12:CS,, IR S12:CS,, Raman Assignment
870 w 449+425
830 w 425+410%
705 vw 460+250
651 CS,
475 vw 476 vw Eg
465 m A,y and E,
460 vs 461 vs Ag
449 s 451 m-s E,;
425 vw E,
389 CS,
289 m 287 m A
265 vs 270 vs Ary
250 vs 248 vs E,
245/238 w-m 245w Eq
177/179 m-s 188 s-vs Eg
165 vs E,
127 vs 117 s-vs Ag
72 m Ay
67 s 85s lattice
62 m E,
63 vs 64 vvs lattice
58 m-s Eg (2)
43 vs lattice
31vs lattice

* Inactive Ay mode. For the three combination bands there are also other assignments
possible [164]

3.2.8
S13

Cyclo-tridecasulfur S;3 was first prepared in 1982 and vibrational spectra
served to identify this monoclinic allotrope as a new phase of elemental sul-
fur [160]. Later, the molecular and crystal structures were determined by X-
ray diffraction [162]. The S;3 molecules are of C, symmetry but occupy sites
of C; symmetry. The vibrational spectra show signals for the SS stretching
modes between 385 and 500 cm™! and the bending, torsion and lattice vibra-
tions below 290 cm™! [160, 162]. For a detailed list of wavenumbers, see
[160]. The vibrational spectra of solid S5 are shown in Fig. 25.
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Fig. 25 Infrared and Raman spectrum of solid S;3 at =100 °C [162]

Table 11 Raman lines of crystalline S;4 at —100 °C. Wavenumbers in cm™; relative intensi-
ties in parentheses (sh: shoulder) [165]

Stretching modes Bending modes Bending, torsion, and lattice modes
483 (7) 270 (7) 128 (48)
474 (5) 252 (2) 122 (7)
468 (25) 243 (5) 90 (23)
462 sh 234 (23) 79 (14)
460 (59) 212 (2) 69 (59)
453 sh 198 (18) 61 (41)
447 (11) 189 (7) 57 (36)
444 (11) 177 (11) 47 (100)
163 (25) 34 (23)
153 (16)
3.29
514

The intense yellow rodlike crystals of S;4 contain molecules of approximate
C,; symmetry on sites of C; symmetry [165]. Their Raman spectra recorded
at —100 °C exhibit the expected pattern: Stretching modes give rise to lines
between 440 and 485 cm™!. This rather narrow region reflects the very nar-
row bond distance distribution in S;4, molecules (204.7-206.1 pm). As usual,
the bending, torsional and lattice modes show up below 300 cm™! (see Ta-
ble 11 and Fig. 26).
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Fig. 26 Raman spectrum of solid S;4 at —100 °C [166]

3.2.10
S15, 18 S20, and Other Large Rings (S,)

Homocyclic S;5 has been obtained as a lemon-yellow powder which was
mainly characterized by its Raman spectrum since single-crystals could not
be grown [167]. Once again, this spectrum turned out to be highly charac-
teristic and different from those of other sulfur allotropes. The observation
that the SS stretching modes give rise to Raman lines in the region 400-
495 cm™! indicates that the bond lengths in S;s are in the range 203-209 pm
since there is a relationship between these quantities [168]. Density func-
tional calculations on S5 resulted in a conformation of C, symmetry with
bond lengths in the range 205.3-206.6 pm [169]. No Raman lines were ob-
served between 400 and 300 cm ™.

The sulfur allotropes S;s, S17, S19, and Ss;¢ have not yet been prepared as
pure materials and therefore no vibrational spectra are known. However, a
mixture of large sulfur rings, S, with x = 12-35, has been isolated from
quenched liquid sulfur [145]. The low temperature Raman spectrum of this
mixture is very simple: It shows two rather broad lines in the SS stretching
region, a very strong line at 460 and a weak line at 416 cm ™' as well as a qua-
si-continuum of lines below 290 cm™! representing the bending and torsion
modes. Obviously, the continuum is the result of many closely neighboring
lines of the various rings which probably exist in several differing conforma-
tions. This analysis is in agreement with the observation that all sulfur rings
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Fig. 27 Raman spectra of endo-Sg (top) and Sy (bottom) at =100 °C [145]

S, except Sg and S; have their SS stretching modes in the 400-500 cm™! re-

gion and the bending modes below 300 cm™.

From the S, ring mixture pure endo-S;s and S,, were prepared and their
infrared and Raman spectra measured [145]. The geometrical structures of
both molecules belong to non-degenerate point groups. Therefore, 18 re-
spectively 20 SS stretching vibrations are to be expected. However, the Ra-
man spectra of both solids exhibit only 4 and 8 lines, respectively, in the
400-500 cm™! region and none between 400 and 300 cm™'. Evidently, inci-
dental degeneracies play a major role. Both the IR and the Raman spectrum
are highly characteristic in the region of bending and torsion vibrations
< 300 cm™! [145]. The Raman spectra of endo-S;3 and S,y are shown in
Fig. 27. Vibrational spectra of exo-S;5 have not been published yet.
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Fig. 28 Raman spectra of polymeric sulfur (S,) prepared by various methods [109,173],
of large disordered rings (Sx) [182], and of photo-induced amorphous sulfur (a-S)
[119], respectively. The spectrum of a-S has been smoothed for clarity. The position of
the stretching vibration of a-S is pressure-shifted to higher wavenumbers. The very
weak signals in the spectra of S, at ca. 150 and 220 cm™' are probably caused by the
presence of Sg. In addition, the weak shoulder at ca. 470 cm™" observed in spectra of S,
may originate from Sg, too

33
Polymeric Sulfur

The Raman spectrum of polymeric sulfur is relatively simple compared to
other sulfur allotropes. It consists of one strong and one weak band in the
stretching region (at ~ 460 and ~ 425 cm™') and two weak bands in the
bending region (at ~ 275 and ~ 260 cm™'); cf. Fig. 28 [170]. In samples of a
higher degree of crystallinity additional bands were observed at ~ 65 and ~
25 cm™, respectively. In general, the Raman spectra of polymeric sulfur al-
lotropes, obtained by different techniques of preparation, are rather similar.
For example, spectra have been reported for samples quenched from the gas
phase [171], from the melt above the polymerization transition [172-174],
for commercially available polymeric sulfur like Crystex or “flowers of sul-
fur” [174-177], for polymerized samples of S;, for mixtures of large disor-
dered rings (S, see below) [173], for sulfur samples after temperature-pres-
sure quenching from 555 °C and 3.5 GPa [178], as well as from a high-pres-
sure allotrope (p-S, see below and [1]) upon decompression [109, 119]. In all
cases, the spectra show more or less the same number of bands, band pro-
files and relative intensities as well as lines at almost the same wavenumbers.
However, the bandwidths and relative intensities of these spectra differ
probably caused by the varying crystalline quality of the samples. In addi-
tion, Raman lines of Sg can sometimes be seen in the spectra of the polymers
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due either to the presence of a-Sg as an impurity from the preparation or by
back-transformation of the polymer into the STP stable form which is initi-
ated by heat, irradiation or nucleophilic catalysts (cf. [1]).

At first sight, the spectral similarity of such different samples may be sur-
prising. Evidently, this observation indicates a close similarity of the molec-
ular structures of the various helical allotropes as has previously been
claimed by Tuinstra [179]; see also [1].

Infrared spectral studies of polymeric sulfur are scarce and mainly the
overtone region was studied [142, 180]. In the range of the stretching vibra-
tions, two bands at ca. 460 cm™' (strong) and ca. 423 cm™! (medium) were
reported for Crystex after extraction of the soluble ring fraction by CS,
[180]. The results of the literature are summarized in Table 12.

First attempts to model the vibrational spectrum of polymeric sulfur have
been reported by Dultz et al. who assumed a planar zig-zag chain structure
[172]. The calculated vibrational DOS was in qualitative agreement with the
observed Raman spectrum of fibrous sulfur. However, some details of the
spectrum like the relative intensities of the modes as well as the size of the
gap between stretching and bending vibrations could not be reproduced ex-
actly by this simplified model [172].

Vibrational wavenumbers and dispersion curves have been calculated by
quantum-mechanical methods in an oligomer approach (H,S; as a model
for helical sulfur) [181]. The wavenumbers of the sulfur vibrations, obtained
after scaling with empirical type-of-vibration dependent factors, were in fair
agreement with those observed in polymeric sulfur. For example, the
wavenumbers of the SS stretching modes were overestimated by only 10-
20 cm™! and those of the bending modes were in good agreement (Table 12).
Furthermore, the authors discussed the Raman and IR activities of vibra-
tions for a perfect helical structure of sulfur. Accordingly, four only Raman
active modes (2 stretching, 1 bending, 1 torsional) and two Raman and IR
active modes are to be expected (1 stretching and 1 bending). The calculated
intensity distribution, however, differ significantly from the experiment.

Interestingly, the Raman spectra of certain highly disordered solid forms
of sulfur such as S, and photo-induced amorphous sulfur (a-S) resemble
those of polymeric sulfur (Fig. 28). S, is a mixture of large rings prepared
from liquid sulfur [182]. An average molecular size of <x> ~ 25 was deter-
mined, while x extends over a range of about 15-35 at least but probably up
to 50. This material was interpreted in terms of large disordered rings (e.g.,
characterized by the absence of regular motifs). On the other hand, a-S was
found as a result of photo-induced ring-opening in a-Sg at high pressure [1,
58, 119]. The Raman spectra of these disordered forms of solid sulfur are
characterized by broad bands since the whole vibrational DOS gains optical
activity due to the loss of translational symmetry [183]. The Raman bands
in the range of 400-500 cm™' are caused by the stretching vibrations while
the almost unstructured spectrum below the cut-off at about 280 cm™
comes from the manifold of bending and torsional vibrations as well as from
intermolecular vibrations. Qualitatively, the spectra of S, and a-S can be ob-
tained by broadening a Raman spectrum of polymeric sulfur (Fig. 28).
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Table 12 Vibrational spectra of polymeric sulfur in the fundamental region reported for
samples obtained by various methods (see text). Lines of Sg are omitted. Wavenumbers

incm™!

Sample® Assignment Tempera-  Ref.
Stretching Bending  Torsion  Lattice? ture (1)

Raman

Crystex 456 vs 273 w ca. 300 [175]
418 w

"Purple sulfur" 466 s 273w ca. 77 [171]
418w

Sulfur XII 457 s ca. 300 [178]
424 m

Fibrous sulfur 453 273 ca. 300 [172]
418

Polymeric sulfur® 473 sh, 460 vs 282 m 173£10 [174]
429 w, 425 sh 286 w

Sot 469 sh, 458 s 268 vw ca. 100 [176]
430 w

Sw2 468 sh, 458 s 280w
430 sh, 424w 268 vw

Insoluble sulfur® 452 s 270 m 23 ? [177]
416w (261) w

S, ¢ 460 s 275w 65 25 ca. 300 [109]
427 m 260

(263+257)
w

Infrared

Sulfur XII 457 ca. 300 [178]
418

Polymeric sulfur® 460 s ca. 300?
423 m

Theory

H,S5 modelf 480 w (Ra), 278 s 52 s (Ra) - - [181]
471 m (Ra, IR) (Ra, IR)
436 s (Ra) 267 s (Ra)

#Nomenclature by the present authors according to the cited literature

b Obtained from commercial polymeric sulfur by extraction with CS, and drying in a
vacuum [174]

¢ Insoluble sulfur obtained by CS, extraction of commercial Crystex N; data taken from
conventional Raman studies using an Ar laser [177]

dSample obtained from p-S in high-pressure experiments, wavenumbers extrapolated to
ambient pressure [58, 109, 119]

¢ Polymeric sulfur obtained from Crystex after extraction with dichloromethane fol-
lowed by drying in a vacuum [180]

f Wavenumbers scaled by optimized factors. Intensities for Raman active modes classi-
fied by the present authors on the basis of the calculated values. The intensities of two

IR active vibrations were calculated to be equal; (Ra) = Raman active, (IR) = infrared
active [181]
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Fig. 29 Raman spectrum of p-S at high pressure and room temperature [109]. The
wavenumbers indicated are given for the actual pressure. No signals of other allotropes
have been detected. The line at 48 cm™! (ca. 25 cm™! at p ~ 0 GPa) may arise from lattice
vibrations, while the other lines resemble the typical pattern of internal vibrations of
sulfur molecules

34
High-Pressure Allotropes of Sulfur

Since the vibrational spectra of sulfur allotropes are characteristic for their
molecular and crystalline structure, vibrational spectroscopy has become a
valuable tool in structural studies besides X-ray diffraction techniques. In
particular, Raman spectroscopy on sulfur samples at high pressures is much
easier to perform than IR spectroscopical studies due to technical demands
(e.g., throughput of the IR beam, spectral range in the far-infrared). On the
other hand, application of laser radiation for exciting the Raman spectrum
may cause photo-induced structural changes. High-pressure phase transi-
tions and structures of elemental sulfur at high pressures were already dis-
cussed in [1].

At least five high-pressure allotropes of sulfur have been observed by Ra-
man spectroscopy up to about 40 GPa the spectra of which differ significant-
ly from those of a-Sg at high pressures: photo-induced amorphous sulfur
(a-S) [57, 58, 109, 119, 184-186], photo-induced sulfur (p-S) [57, 58, 109,
119, 184, 186-191], rhombohedral S [58, 109, 137, 184, 186, 188, 191],
“high-pressure low-temperature” sulfur (hplt-S) [137, 184, 192], and poly-
meric sulfur (S,) [58, 109, 119, 193]. The Raman spectra of two of these al-
lotropes, a-S and S, were discussed in the preceding section. The Raman
spectra of p-S and hplt-S have only been reported for samples at high-pres-
sure conditions. The structure of both allotropes are unknown. The Raman
spectrum of Sg at STP conditions is discussed below.

A Raman spectrum of p-S is shown in Fig. 29. While the Raman lines in
the stretching region (430-520 cm™) are of high intensity, exceeding those
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Fig. 30 Raman spectra of “high-pressure low-temperature” sulfur at two different pres-
sures [184]. The peaks marked by asterisks were reported as originating from another
high-pressure allotrope (presumably p-S). The intensities of the spectra at lower
wavenumbers (below ca. 300-350 cm™') have been magnified (factor has not been re-
ported)

of a-Sg at ambient conditions (!), the low energetic vibrations are relatively
weak. The frequency shifts of the modes under variation of pressure have
systematically been studied [58, 119, 184, 189, 191]. Unique for sulfur al-
lotropes studied so far, the most intense mode (ca. 476 cm™ at p—0 GPa)
has a negative frequency shift, dw/dp, with increasing pressure. Obviously, a
weakening of the bond responsible for this mode appears under pressure. In
combination with the large positive shift of the less intense mode at
444 cm™! (at p—0 GPa) a crossing of the modes occur at about 7 GPa which
makes only three lines observable around this pressure. Upon increasing
pressure, the 496 cm™! (at p—0 GPa) line gains relative intensity while the
lines at 437 and 444 cm™ (at p—0 GPa) lose intensity, and the intensity of
the 476 cm™' line remains more or less constant. The intensities of the
stretching vibrations with respect to the vibrations at lower wavenumbers
resemble the intensity ratios of the different types of vibrations of polymeric
sulfur [194]. In addition, the negative slope of the 476 cm™! line under pres-
sure was interpreted in terms of a chain structure for p-S by analogy with
results of high-pressure studies on selenium allotropes [189, 195, 196]. The
kinetics of the formation of p-S has been studied by time-dependent Raman
spectroscopy, and it was found that the transition from a-Sg to p-S is a two-
stage process in which the amorphous phase is an intermediate [186].

The phase “hplt-S” appeared in Raman spectra of sulfur at about 12 GPa
and above, and this allotrope could be observed up to about 40 GPa [137,
184]. The high-pressure sample was evidently a mixture as the Raman spec-
tra consisted of lines of both S¢ and p-S. Raman spectra at two different
pressures are shown in Fig. 30. Three peaks were observed in the stretching
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Fig. 31 Evolution of the Raman spectra of a high-pressure and photo-induced sample of
S¢ while decreasing the pressure at ca. 300 K [109]. The spectrum at 3.9 GPa shows the
onset of the transformation S¢—p-S. The asterisks indicate the Raman signals typical
for p-S whereas the peaks of two stretching vibrations of p-S coincide with those of S¢ at
about 458 cm™! and 471 cm™! (not indicated by asterisks). The Raman spectrum of the
sample recovered at ambient pressure (0 GPa) is evidently a superposition of the spectra
of a-Sg and polymeric sulfur, S, (arrows indicate plasma lines of the Ar ion laser at
515 nm, which have been used for calibration). For Raman spectra under increasing
pressure, see Fig. 23 in [1] and references cited therein

region (497, 485, 458 cm™! at ca. 12 GPa), and three relatively broad and
weak bands were recorded at lower wavenumbers (273, 196, 142 cm™! at ca.
12 GPa). The pressure dependence of Raman frequencies has been reported
[137, 184]. Since the 485 cm™! mode has a larger frequency shift with in-
creasing pressure than the other stretching modes, the position of this Ra-
man line coincides with that of the 497 cm™' mode above ca. 17 GPa (ca.
505 cm™! at 20 GPa). As in the case of a-S, p-S and S4 the formation of hplt-S
is likely to be photo-induced.

Rhombohedral S¢ was found as a high-pressure allotrope of sulfur above
9-10 GPa by several groups [58, 137, 150, 184, 186, 188, 191]. The pressure
dependence of frequencies [137, 150, 184] as well as the kinetics of the tran-
sition from p-S to S¢ [186] have been investigated systematically by Raman
spectroscopy. The pressure dependent frequency shifts of chemically pre-
pared Sg and of high-pressure S have been found to be identical [137, 150].
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In addition, the variation of Raman intensities as a function of pressure has
been evaluated [150]. For example, the evolution of Raman spectra of S¢
upon decreasing pressure is shown in Fig. 31 (see also Fig. 23 of Chapter 1
in [1]). The intensities of the bending vibrations as well as of the 77 cm™
libration, which are strong at STP conditions (Fig. 20), decrease dramatically
with increasing pressure in favor of the stretching vibrations (Fig. 31). Fur-
thermore, the intensity ratio of the librations changes under pressure which
made possible an assignment of the librations to their symmetry class (cf.
Table 6) [150]. Amongst the sulfur allotropes, which had so far been studied
under pressure, the two librons in S¢ have very large frequency shifts dw/dp
(ca. 40-50 cm™!/GPa at 0-1 GPa) comparable only with the 26 cm™' mode of
polymeric sulfur (ca. 65 cm™'/GPa) [109]. Therefore, the intermolecular po-
tential of rhombohedral S¢ is more anharmonic than that of a-Sg, for exam-
ple. Due to their differing frequency shifts, the Raman lines of the stretching
modes are crossing at about 13 GPa and those of the librations overlap at
above 20 GPa [137, 184].

35
General Observations

The vibrational spectrum of each sulfur allotrope is characteristic due to its
molecular (and crystal) structure and, therefore, can serve as a fingerprint
in detecting single members S, in mixtures of sulfur homocycles, for exam-
ple. On the other hand, the fundamental vibrations of solid allotropes are
distributed in a typical pattern over the spectral range below 530 cm™. The
SS stretching vibrations of most of the cyclic molecules S, (n > 5) were ob-
served in the range 410-480 cm™'. The wavenumbers of the SSS bending
modes cover the range below ca. 300 cm™! down to around 100 cm™!. While
in almost all S, molecules (n > 5) a distinct gap between the stretching and
bending vibrations exists, the ranges of bending and torsional modes are
close together if not overlapping (ca. 50-150 cm™'). Moreover, in many cases
the lattice modes follow directly the torsional modes at lower wavenumbers
(<100 cm™), and there is some mixing of the external modes with the tor-
sions as was theoretically shown for a-Ss. Unfortunately, the vibrational
spectra of only a few homocycles (Sq, S7, Ss, S12) have been thoroughly ana-
lyzed by force constant calculations which allowed the assignment of the ob-
served wavenumbers to the normal modes of the molecules. Therefore, the
vibrational lines in the bending and torsional region as well as in the lattice
region of the less studied allotropes cannot unambiguously be distin-
guished.

Generally, the stretching vibrations mainly depend on the bond distances
while the bending and torsional vibrations are basically determined by the
size and symmetry of the ring [80]. For example, the wavenumbers of the
stretching vibrations in low symmetrical rings (S;: C,, S;3: C,) extends the
“normal” range of 410-480 cm™ (S;: 360-530 cm™!, Sy3: 385-500 cm™') due
to the presence of unusual long bonds neighbored by two short bonds (S;:
218, 199 pm, S;3: ~209, 200 pm). The phenomenon of alternating bond
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Fig. 32 Relationship between the S-S stretching vibration vss (in cm™) of the bonds in

the listed homocyclic sulfur molecules and the bond length rgs of that bond (in pm)
[198]

lengths of adjacent bonds has already been discussed ([1] and references cit-
ed therein). The bond length of a sulfur ring, r, and the wavenumber of the
related stretching vibration, vss, are connected via a relationship shown in

Fig. 32, which is almost linear above ca. 400 cm™ L

rss=2.53—1.04-1073 - vsg (1)

with rgs in pm and vsg in cm™ [197-199].

Thus, from the measurement of stretching wavenumbers it is possible to
estimate the bond lengths in sulfur molecules of unknown structure, e.g., in
newly synthesized rings or in high-pressure allotropes like p-S. This has
clearly been demonstrated in the case of cyclo-nonasulfur, for example [156,
157].

The correlation of stretching wavenumbers to the bond lengths is a spec-
troscopical expression of the dependence of the valence force constant f,
from the bond length r [197-199] which is presented in Fig. 33:

fr=460.r772 (2)

where f, is in N/cm, and r is in 100 pm, respectively. The above-mentioned
relationships can easily be understood in terms of a simple spring-mass
model. Accordingly, the mean vibrational frequency (or wavenumber) is re-
lated to the bond distance by Eq. (3):

V_SS2 O(fr x r—7A26 (3)
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Fig. 33 Relationship between the logarithm of the bond stretching force constant f, of an
S-S bond and the logarithm of its length rsg [198]

giving low wavenumbers for long bonds and vice versa. The force constant,
f» represents the “stiffness” of the intramolecular potential. Therefore, the
vibrations of shorter bonds are more controlled by the repulsive part of the
intramolecular potential than the larger ones.

By means of force constant calculations based on a UBFF it has turned
out that the force constant responsible for the interaction of neighboring
bonds f;, is relatively high (f,,/f, ~ 0.25) [80]. The variation of bond length
Ar of one bond with length r causes an opposite variation of the adjacent
bond(s) with length 7 by —A7’; Eq. (4):

for AY

T ~0.25 (4)

Correspondingly, the bond alternation observed in many sulfur homocy-
cles and molecules with cumulated sulfur bonds can be attributed to the rel-
atively strong interaction of neighboring bonds.

The wavenumber of the totally symmetric bending vibration, Jgss, of S,
rings (n =6, 7, 9, 10, 12), on the other hand, is mainly a function of the ring
size and not a function of the quite different bond angles in these molecules,
as one may expect. The empirically obtained relation is given by

5555 =400—-22.8-n (5)

where §¢gq is in cm™!

ly [200].

, and n is the number of S atoms of the ring, respective-
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While the vibrations (stretching, bending, torsion) in high symmetrical
rings (Se, Ss, S12) are almost uncoupled [80], the vibrations in the low sym-
metrical S; ring are heavily mixed, especially the bending and torsional
modes [81].

The wavenumber of the torsional vibrations in high symmetrical rings de-
pend also on the ring size: S¢ ~ 180 cm™, Sg ~ 86 cm™, S}, ~ 50-85 cm™.
Accordingly, the torsional force constant, f;, decreases with the ring size, and
this is connected to the increasing tendency in approaching an ideal value
for the torsional angle in larger rings (S¢ ~ 75°, Sg ~ 99°, S1, ~ 88°). Obvious-
ly, the higher the wavenumber of the torsional vibration the stiffer the ring.

Since the molecular bond parameters of helical sulfur are similar to those
of high symmetrical rings, in particular to those of S;,, and since the varia-
tion of bond parameters is zero in an ideal helix, it is possible to apply the
aforementioned systematics found for rings to the helical sulfur allotrope.
From the bond length in polymeric sulfur (ca. 206.6 pm, cf. [1]) one obtains
an average wavenumber of the stretching vibrations of 446 cm™' from
Eq. (1) which agrees very well with the average of the observed wavenum-
bers, ca. 444 cm™!. Therefore, it is reasonable to estimate the stretching force
constant of polymeric sulfur molecule with the help of Eq. (2) to about
2.37 N cm™! which is close to values of Sg and Sy, (2.366, 2.367 N cm™!, UBFF
[80]). The ratio of the stretching constant to the bending constant was re-
ported to about 8.85 on the basis of a planar zig-zag chain model [172],
while for the rings Sg, Ss, S12 a ratio of about 9.6 to 10 was calculated [79,
80]. The bending force (UBFF) constant of the planar chain model thus is
about 0.27 N cm™! and slightly larger than in the symmetrical rings S, Sg,
S12 [79, 80] but agrees with the relatively high experimentally observed
wavenumbers of 260-275 cm™!. On the other hand, the low energetic Raman
band around 65 cm™! might probably be assigned to a torsional vibration
(see above) which indicates the torsional constant (UBFF) to be as low as
calculated for Sy, (f; ~ 0.03 N cm™ [79, 80]) in agreement with the large flex-
ibility of the helix molecule.

4
Mass Spectra

Since 1960 mass spectrometry has always been an important tool to investi-
gate the molecular composition of sulfur vapor, sulfur melts, and the solid
allotropes [201]. Mostly spectra obtained by electron impact (EI) ionization
have been reported, except for one study in which the main species present
in sulfur vapor (S,-Ss) were studied by photoionization mass spectrometry
[202]. The following ionization potentials were reported (in eV) [202]:

$2:9.36£0.02 S5:8.60£0.05 S7:8.67 =0.03
S3:9.68£0.03 S6:9.00 £ 0.03 Sg:9.04+0.03

EI mass spectra of the solid allotropes S [203], S; [204], Ss [202, 203,
205], Sy [206, 207], S0 [204], and S;, [208] have been reported, and in all
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cases signals for the molecular ions were observed. However, electron im-
pact ionization triggers extensive fragmentation processes which are as more
severe as higher the electron beam energy [204]. The main fragment ion is
usually S,* (at 70 eV electron energy). In addition, the heating necessary to
evaporate the sulfur allotropes initiates thermal decomposition reactions.
Therefore, the EI mass spectra of Sy;, S;3, and S;4 exhibit only peaks for frag-
ment ions S,* with n = 1-9. Consequently, an accurate analysis of sulfur
mixtures by mass spectrometry is a challenging task. The quantitative anal-
ysis of hot sulfur vapors by mass spectrometry has been reviewed else-
where [9].

Natural sulfur samples contain 4.22% 3*S, 0.75% S, and 0.02% 3°S be-
sides 95.02% %S [4]. Evidently, there must be isotopomers of sulfur mole-
cules. For example, in natural samples of Sg every fourth molecule has the
composition **$*2S;. The probability to find one **S atom besides seven *2S
atoms in a molecule of eight atoms is 8x(0.042)x(0.95)’= 0.236 (24%).
Therefore, the mass spectrum of natural Sg exhibits the molecular ions *2Sg*
at m/e = 256 and **S*S,* at m/e = 258 in an intensity ratio of ca. 3:1 (besides
smaller peaks due to other isotopomers such as *’S*3S; at m/e = 257 and
348,328, at m/e = 260).

The mass spectrum of polymeric sulfur S,, prepared from either liquid
sulfur or by extraction of commercial “flowers of sulfur”, has been measured
and interpreted in terms of Sg, S7, and S¢ molecules leaving the polymer on
heating and depolymerization [203]. This result is in agreement with depo-
lymerization studies in solution which also show Sg and S; as the major ther-
mal degradation products [174].

Under special conditions sulfur cations with up to 56 atoms have been ob-
served [209]. Evaporation of liquid sulfur and cooling the vapor in an atmo-
sphere of a cold buffer gas (He) at low pressures followed by adiabatic ex-
pansion into the vacuum of a mass spectrometer and EI ionization produced
mass spectra of clusters of sulfur molecules with m/e ratios up to ca. 1800.
The intensity pattern shows that the species (Sg),* are most abundant (n =
1-7) followed by (S7)(Ss)s-1" clusters and (S¢)(Ss)n-1* clusters. The latter have
the same mass as (S7),(Sg)n2" clusters; see Fig. 34. Thus, the composition of
the clusters reflects the composition of liquid sulfur near the melting point
which contains Sg, S; and S¢ molecules as the majority species [34, 210].

In field desorption mass spectra all ions up to Sy,* have been observed
[211]. For this purpose gaseous S, was generated in an electrochemical
Knudsen cell (from Ag,S), built into a mass spectrometer, and continuously
condensed on the tungsten tip of a field emitter which from time to time
was exposed to a high electric field to initiate desorption. Depending on the
flow of S, molecules, the tip temperature, the field strength and other condi-
tions (e.g., the reaction time on the tip before desorption) the molecular spe-
cies observed corresponded either to the ones present in equilibrium sulfur
vapor (S, with n = 2-8), or large molecules up to S,, were observed in addi-
tion. The ionization was assumed to take place in the gas-phase after desorp-
tion of the adsorbed sulfur molecules and neither fragmentation nor cluster
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Fig. 34 Mass spectrum of sulfur clusters obtained by evaporation of liquid sulfur fol-
lowed by cooling and adiabatic expansion of the vapor [209]. The figures at the peaks
give the number of Sg molecules which represent this particular mass

formation was assumed. The sulfur layers on the tip consist of a chemi-
sorbed a-layer which is tightly bound to the metal surface and on top of this
there exists a physically adsorbed B-layer of liquid-like structure and behav-
ior. The formation of the larger molecules was explained by a sequence of S,
addition reactions taking place in the S-layer, e.g.,

252 — S4

2S4 — S3+Ss

S3+S; — Ss

S4+S, — Se

S5+S; — S5

Se+S, — Ss,

All of these reactions are exothermic but some of them violate the law of
spin conservation since S, is a triplet molecule while all species on the right
side of the above equations are singlet molecules in the ground state. There-

fore, a radical-chain reaction has been assumed. S; may also be formed from
S, by picking a sulfur atom up from a di- or polysulfide in the a-layer.

5
XANES Spectra

X-ray absorption near edge structure (XANES) spectroscopy is a non-de-
structive and sensitive probe of the coordination number and geometry as
well as of the effective charge of a chosen atom within a molecule and there-
fore also of the formal oxidation number. Recently, there have been a num-
ber of XANES studies at the sulfur K-edge demonstrating the sensitivity of
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Fig. 35 K-edge XANES spectra of solid Se, Ss, S10, S12, S14 and polymeric sulfur normal-
ized at 2482 eV. Figure kindly provided by A. Prange [222]

the spectra to the local geometric and electronic environment of the sulfur
atoms [212-215]. Due to the penetration strength of X-rays, in situ measure-
ments are possible in many cases. Structural information deduced from
XANES measurements by a fingerprint method is often sufficient for solving
analytical problems. This has been demonstrated, for example, in studies on
the rather complex sulfur speciation in coal [216], in electrically conduction
polymers [217] as well as in rubber vulcanized by sulfur [218, 219].

The method involves the irradiation of a sample with polychromatic X-
rays (synchrotron radiation) which inter alia promote electrons from the in-
nermost 1s level of the sulfur atom to the lowest unoccupied molecular or-
bitals. In the present case these are the S-S antibonding 0*-MOs. The inten-
sity of the absorption lines resulting from these electronic excitations are
proportional to the number of such bonds in the molecule. Therefore, the
spectra of sulfur compounds show significant differences in the positions
and/or the relative intensities of the absorption lines [215, 220, 221]. In prin-
ciple, solid, liquid and gaseous samples can be measured.
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The XANES spectra of S¢, Ss, S10, S12, S14 [222] and polymeric sulfur [223,
224] are all very similar as far as the peak positions are concerned but the
relative intensities of the two peaks differ considerably. The spectra are char-
acterized by an absorption line at 2471.7 eV (so-called white line) and a
broad absorption in the region 2477-2480 eV [222]; see Fig. 35 (energies cal-
ibrated to the white line of ZnSO, defined as 2481.4 eV). Since the spectra of
the components of a mixture are additive, quantitative analyses are possible,
even for mixtures of samples as similar as Sg and polymeric sulfur, for in-
stance [224]. The interpretation of the spectra is, however, still somewhat
controversial; see [225].

Thus, XANES spectroscopy of elemental sulfur has mainly be used to de-
tect the particular sulfur species in samples not accessible to other spectro-
scopic methods, e.g., in cultures of sulfur bacteria [215, 221, 222, 224]. How-
ever, the main application is in the area of sulfur compounds with other ele-
ments. For a recent review, see [226].
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Introduction

The rather high bond enthalpy bond enthalpy of sulfur-sulfur single bonds
as in Sg (264 kJ mol™!) has the consequence that numerous compounds exist
in which sulfur atoms form homoatomic chains, rings or clusters. The sul-
fanes or hydrogen polysulfides H,S, are the most basic of these species and
all other chain-like sulfur-rich compounds may be considered to be deriva-
tives thereof. For example, the dihalogenosulfanes S,Cl, [1], the diorganyl-
sulfanes R,S, [2], the sulfane oxides R;,S,0 [2, 3], and the inorganic polysul-
fides S,>~ [4]. The latter are simply the dianions of the Brgnsted acids H,S,
and protonation of these anions is a convenient method to prepare sulfane
mixtures. The name sulfane has been created in analogy to the boranes,
alkanes, silanes, and phosphanes [5].

Mixtures of polysulfanes H,S, are easy to make and probably occur even
naturally but the pure compounds are relatively unstable and can therefore
be prepared only with some experimental skills and observing certain tech-
nical precautions. Detailed prescriptions exist how to make di-, tri-, tetra-,
and higher sulfanes in gram quantities. However, as longer the sulfur chain
grows as more difficult it becomes to obtain pure compounds. In general, all
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Fig. 1 Contribution of H,S and H,S, to the total solubility of hydrogen sulfide (H;Sota1)
in liquid sulfur as a function of temperature at p(H,S)=1.013 bar (data from [8, 10])

polysulfanes tend to decompose to elemental sulfur (Sg) and hydrogen sul-
fide:

H,S, — <"*1>/8 Ss + H,S (1)

The H,S usually escapes and the sulfur crystallizes; as a consequence the
reaction will always be quantitative after long enough reaction times or in
the presence of a catalyst. On the other hand, liquid sulfur and H,S react to
give a mixture of long-chain polysulfanes:

H,S + nShq = H,;S,11 (2)

For this reason the solubility of gaseous H,S in liquid sulfur dramatically
increases with increasing temperature in the range 120-200 °C while the
(physical) solubility of gases usually decreases with increasing temperature
[6]. At 150 °C and 1013 mbar equal amounts of H,S are dissolved physically
and chemically (the latter as H,S, with #n>5) in liquid sulfur (ca. 420 ppm
each) while at 200 °C ca. 400 ppm are dissolved physically and 1100 ppm
chemically (1 ppm = 1 mg/1000 g sulfur); see Fig. 1 [7-10]. At higher tem-
peratures a plateau is reached until the solubility decreases again and reach-
es a minimum at the boiling point (445 °C).

Since hydrogen sulfide and elemental sulfur occur together in hot under-
ground deposits of natural gas (so-called “sour gas”) the formation of sul-
fur-rich polysulfanes under these high-pressure conditions is very likely. If
the gas is produced and in this context the pressure and temperature low-
ered, the decomposition reaction (Eq. 1) takes place and the precipitated sol-
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id elemental sulfur may cause clogging of pipelines and valves creating seri-
ous problems [11].

Short reviews on the chemistry of sulfanes have been published in 1968
by Burton and Machmer [12], and in 1973 by Schmidt and Siebert [13].
However, the most comprehensive and reliable review on the chemistry and
physics of hydrogen sulfide and the lower sulfanes including the radicals HS-
and HS,- can be found in Gmelin covering the literature till 1981 [10].

Certain older reports [14] on the existence of extremely sulfur-rich sul-
fanes in mixtures of high sulfur content obtained from sodium thiosulfate
and hydrochloric acid are in error since elemental sulfur was shown to be
the main component besides traces of H,S, [15].

2
Preparation

21
General

Sulfanes are very sensitive compounds the decomposition of which is cat-
alyzed by many substances including alkaline materials, nucleophiles, met-
als, dust, cork, sea sand, magnesium oxide, rough surfaces, and even traces
of water. Therefore, all glassware used for the preparation of sulfanes must
be carefully cleaned and dried. After rinsing with a mixture of concentrated
nitric acid and hydrochloric acid followed by distilled water the glassware
should be carefully dried in a dust-free environment. Ground glass joints
must be sealed by polysiloxane (silicone) grease. In laboratories where sul-
fanes are to be prepared there should be neither ammonia cylinders, aque-
ous ammonia or ammonium sulfide solutions stored [16]. Because of the
poor thermal stability of the higher sulfanes sample temperatures above
30 °C should be avoided.

Disulfane is usually made from a sulfane mixture known as crude sulfane
oil while various methods are available for the preparation of the higher sul-
fanes. Deuterated sulfanes may be prepared by isotopic exchange with DCI
[17].

2.2
Crude Sulfane Oil (“Rohdl”, “Raw Sulfane”)

A mixture of sulfanes is obtained when aqueous sodium polysulfide is rapid-
ly acidified with concentrated hydrochloric acid at low temperatures [16,
18]:

2NaZS+Sg —>2Na28x (x:2—6) (3)
Na,S, 4+ 2HCl — H,S,, + 2NaCl (4)
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If 50 g of Na,S-9H,0 are heated with 25 g of Sg to ca. 100 °C an aqueous
solution of composition Na,Sss is obtained which after dilution by 40 ml
H,O0 is filtered and slowly added to an excess of concentrated aqueous HCl
(c = 6 mol I"!) at —10 °C whereupon the water-insoluble H,S, precipitates
and settles at the bottom of the flask as a yellow oil of camphor-like odor
(ca. 25 g). After rinsing the oil with aqueous HCl and separation from the
aqueous phase some P40, is added which stabilizes the sulfane mixture so
that it can be stored at 0 °C for several weeks without decomposition. Prior
to use the P40y is filtered off using a glass frit treated as mentioned above.
Crude sulfane does not crystallize on cooling but forms a glass. The gross
composition varies between H,S, 5 and H,S;.

The molecular composition of crude sulfane oil has been determined by

"H NMR spectroscopy after dissolution in CS,, CCly, or benzene. The chemi-
cal shift of the protons strongly depends on the length of the sulfur chain
and on the solvent. All members of the homologous series up to H,S;5s have
been detected [19]. However, in benzene solution the shift also depends on
the concentration. Freshly prepared crude sulfane oil (type “A” in Table 1)
consists mainly of tetra-, penta-, hexa-, and trisulfane (in this order decreas-
ing concentrations) with small amounts of hepta-, octa-, nona-, and decasul-
fane as well as all the higher sulfanes up to H,S,5 while di- and monosulfane
are present only in traces. From H,S; onwards the concentrations decrease
with increasing chain-length. In addition, a few percent of Sg are present
which can be determined by Raman spectroscopy [19].

On aging by storage (even at temperatures as low as —60 °C) the composi-
tion of crude sulfane oil changes to type “B” of Table 1. The content of the
highest sulfanes up to H,S;s increases as does the Sg content. Since these
long-chain members are less soluble in benzene a homogeneous mixture in
this solvent is obtained only by addition of some CS, which is by far the best
solvent for crude sulfane oil [19]. Evidently, the following reactions take
place on aging:

ZHZSn — st,H_x + HZSn—x (5)
H,S, — H,S,_s + Sg (6)

Since the chain-lengths of the molecules present in crude sulfane oil is
different from the chain-length of the anions in the original sodium polysul-
fide solution one has to conclude that in addition to the reaction at Eq. (4)
the reactions at Egs. (5) and (6) also take place during the preparation by
protonation of the polysulfide anions.

There are a number of other methods to prepare crude sulfane oils, e.g.,
from liquid H,S and elemental chlorine or bromine [10] or by reaction of
H,S with sulfur fluorides [10] or sulfur chlorides [20] but these processes
are of little practical importance.
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Table 1 Concentration of the sulfanes H,S,* and of Sg° in two crude sulfane oils “A” and “B”
(8: chemical shift in ppm vs TMS; after [19])

0Oil “A” 0Oil “B”
5('H) mol% 5('H) mol%

H,S 0.523 0.65 0.466 0.54
H,S, 2.499 0.94 2.414 0.50
H,S3 3.842 11.25 3.746 11.21
H,S, 3.899 28.91 3.799 27.28
H,Ss 4.027 18.11 3.919 16.87
H,Ss 4.120 12.91 4.014 11.06
H,S; 4.148 7.88 4.039 7.03
H,Sg 4.177 5.18 4,067 4.87
H,Sy 4,182 4.03 4,072 3.90
H,S10 4.195 2.62 4.080 3.12
H,S1; 4.205 1.71 4,088 2.08
H,S1, 4212 1.20 4,092 1.57
H,S:5 4.221 0.75 4.099 1.13
H,S14 4.229 0.53 4.106 0.81
H,S;5 4.237 0.37 4.112 0.62
H,S16 4246 0.26 4120 0.46
H,S:7 4.253 0.16 4.126 0.34
H,S:3 4.261 0.14 4.133 0.26
H,S16 4268 0.09 4139 0.20
H,Sy0 4.274 0.07 4.145 0.15
H,S,; 4.280 0.04 4.151 0.11
H,S,, 4.286 0.03 4.156 0.09
H,S,5 4291 0.03 4.160 0.07
H,Sy4 4.296 0.02 4.165 0.06
H,S:5 4.301 0.02 4.169 0.05
H,S,6 4735 0.04
H,S,; 4.776 0.03
H,S:s 4,181 0.03
H,Sy9 4.185 0.02
H,S30 4.189 0.02
H,S3; 4.192 0.02
H,S3; 4.196 0.02
H,S:; 4.199 0.02
H,S34 4.202 0.01
H,S35 4.205 0.01
S 2.1 5.4

2 By integration of the 'H NMR signals (sample A: homogeneous mixture of oil A and
CgDg in a volume ratio of 3:2; sample B: homogeneous mixture of oil B. C¢Dg and CS, in
a volume ratio of 1:1:0.42)

b Determined by Raman spectroscopy
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2.3
Di-, Tri-, and Tetrasulfane from Crude Sulfane Oil

Disulfane is prepared by thermal cracking of crude sulfane oil and simulta-
neous distillation. As mentioned above, crude sulfane oil does not contain
substantial amounts of disulfane [19] but it is the decomposition that gener-
ates the lower sulfanes with one to three sulfur atoms by thermal cracking
reactions; the heat sensitive products are immediately distilled off [16, 21].
Obviously, the reactions shown in Egs. (5) and (6) take place. A relatively
simple apparatus for the cracking-distillation process has been described by
Hahn et al. [21]; it consists of a rotary evaporator connected to a vertical
multiple coil condenser and several traps. The crude sulfane oil is cracked at
80 °C/16 mbar (100 Pa) in the rotating flask (oil bath). The most volatile
products H,S and H,S; pass through the condenser and are collected in traps
cooled to —78 °C and —196 °C, respectively, while trisulfane and higher sul-
fanes condense in the vertical condenser (cooled to —10 °C) and are collect-
ed separately. From 140 ml crude sulfane oil 30 ml of disulfane were ob-
tained [21]. Using a more sophisticated equipment it is possible to prepare
di-, tri-, and tetrasulfane from crude sulfane oil. In each case, the products
have to be purified by distillation in a vacuum [16, 22-24].

Trace amounts of disulfane have been obtained in the gas phase by re-
combination of HS' radicals generated by oxidation of hydrogen sulfide by
oxygen atoms which in turn are produced from molecular oxygen in a mi-
crowave discharge [25]:

0, +h-v— 20" (7)
H,S+0" — HS + OH (8)
2SH — H,S, (9)

Side products of this reaction are SO and S,0.

24
Higher Sulfanes by Condensation Reactions

The higher sulfanes H,S, with n>3 are usually prepared by condensation re-
actions since their volatility is low and vacuum distillation is difficult if not
impossible. The starting products are the lower sulfanes and certain
dichlorosulfanes S,,Cl, which provide all members up to octasulfane by re-
actions of the following types:

H—S—H+ Cl-S,,—Cl+ H-S—H — H—S,—H + 2HCI (n = m+2) (10)
H—S,—H + CI-S,,—Cl + H—S,—H — H—S,—H + 2HCl (n = m+4) (11)

The liquid components are mixed at =78 °C. To suppress side reactions
the sulfane component is applied in a large excess (>10:1). The unreacted
starting sulfane and hydrogen chloride are distilled off after the reaction has
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been completed at 0 °C. No solvent is used [16, 26-28]. Evidently, this proce-
dure will not produce sulfanes of analytical purity since the products may
also react with the starting materials producing even higher sulfanes. How-
ever, for preparative purposes the purity is usually sufficient.

2.5
Sulfanes from Silyl Derivatives

Hahn and Altenbach designed a method to prepare specific sulfanes with 2
to 5 sulfur atoms in small quantities in solution by the following reactions
(R3Si = MePh,Si) [29]:

2R381SNa + Iz — (R351)252—|—2Na1 (12)
2R;SiSNa +S,,Cl, — (R,Si),S, (n=3—>5)+2NaCl (13)
(R,Si),S, + 2CFsCOOH — H,S, + 2CF;COOSiR; (14)

Reactions at Eqgs. (12) and (13) are carried out in toluene solution. The
yellow crystalline products are purified by recrystallization from pentane
and stored in a dry atmosphere at —20 °C. Reaction at Eq. (14) takes place
slowly at 20 °C in benzene. The sulfane product H,S, is separated from the
silylester side product by distillation together with the benzene solvent (in
the case of n=2-4) or by phase separation (for n=4, 5). For certain prepara-
tive purposes the ester and the solvent may not interfere. If deuterated triflu-
oroacetic acid is used in the reaction at Eq. (14) the fully deuterated sulfane
is obtained [29].

3
Physical Properties

3.1
Freezing and Boiling Points

The sulfanes H,S, to H,Sg which have been prepared as more or less pure
substances are yellow liquids at 20 °C. The intensity of the color increases
with the sulfur content. H,S, freezes at —90 °C, H,S; at —53 °C and H,S, at
—85 °C. For the higher sulfanes neither freezing nor boiling points are
known due to the thermal instability and the tendency to form glasses on
cooling [16]. However, from vapor pressure measurements the boiling points
at 1.013 bar (0.101 MPa) have been estimated as follows using the Clausius-
Clapeyron equation [30]:

H,S,:70°C  H,S3:170°C  H,S4:240°C  H,Ss:285°C
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Table 2 Density (g cm™) and dynamic viscosity (mPa s) of liquid sulfanes at 20 °C

Sulfane Density Viscosity
H,S, 1.334 0.616
H,S; 1.491 1.32
H,S, 1.582 2.63
H,Ss 1.644 5.52
H,S¢ 1.688 11.0
H,S; 1.721 22.8
H,Ss 1.744 46.8

3.2

Densities and Viscosities

The densities d and dynamic viscosities 17 of the sulfanes at 20 °C are given
in Table 2. The densities expectedly increase with the chain-length [31] as
does the viscosity which practically doubles with each additional sulfur
atom [24, 27, 32]. There is a linear relationship between log 1 and the num-
ber of sulfur atoms in the molecule.

33
Thermodynamics

Fehér and Hitzemann [30] determined the enthalpies of evaporation AyH®;
of the sulfanes H,S, with n=2-5 calorimetrically. Interestingly, there exists a
linear relationship between A,H°y; (in k] mol™') and the number of sulfur
atoms:

AVH0293 =10.67 +11.54-n

The dissociation enthalpies for the SS and SH bonds of the lower sulfanes
have been determined by high-level ab initio MO calculations. For gaseous
disulfane D°(SH)=313 k] mol~! and D°(SS)=271 k] mol~! were obtained at
0 K by the G2(MP2) method [33]. At the CCSD(T)/6-311++G(2df,p)//MP2/
6-311++G** level of theory the following SS bond dissociation energies at
0 K were calculated: H,S, 260, H,S; 212, H,S, 169 kJ mol™! (central bond)
[34].

34
Solubility

The sulfanes are soluble in carbon disulfide, benzene, tetrachloromethane,
and dry diethylether (decreasingly so in that order) while alcohols and aque-
ous systems initiate rapid decomposition. For this reason a report on the
chromatographic separation of the sulfanes H,S, by reversed-phase HPLC
using methanol as an eluent [35] was shown to be in error: The peaks ob-
served in the chromatogram have to be assigned to bismethoxy oligosulfanes
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(MeO),S,, [36]. These evidently originated from the reaction of the dichloro-
sulfanes with the methanol solvent used in the preparation of the “sulfanes”
by mixing sodium polysulfide with dichlorosulfanes.

4
Molecular Structures

Only the structures of di- and trisulfane have been determined experimen-
tally. For a number of other sulfanes structural information is available from
theoretical calculations using either density functional theory or ab initio
molecular orbital theory. In all cases the unbranched chain has been con-
firmed as the most stable structure but these chains can exist as different ro-
tamers and, in some cases, as enantiomers. However, by theoretical methods
information about the structures and stabilities of additional isomeric sul-
fane molecules with branched sulfur chains and cluster-like structures was
obtained which were identified as local minima on the potential energy hy-
persurface (see later).

4.1
Disulfane

The molecular conformation of gaseous disulfane is analogous to the struc-
ture of hydrogen peroxide. Both molecules are of C, symmetry and therefore
chiral. The two enantiomers differ just in the signs of the torsional angles.
The molecular structure of H,S, has been studied by electron diffraction
[37] as well as by microwave spectroscopy [21, 38]. The parameters from
[21] shown in Table 3 have been derived using additional data of partially
deuterated disulfane. They agree best with the results of theoretical calcula-
tions [34] and, therefore, seem to be the most reliable data.

The barriers for the rotation around the SS bond have been estimated
from microwave data [40] and ab initio MO calculations [41, 42] as 34-36 k]
mol ™! (cis-barrier) and 24-25 k] mol™! (trans-barrier), respectively. They are
explained as the result of three effects: First, the repulsion of the two 3p lone
pairs at the sulfur atoms is lowest for 7=90°. Second, the 3p lone pair elec-
trons are partly delocalized into the antibonding o* orbitals of the SH bonds
originating from the neighboring sulfur atom. This hyperconjugation or z
bond is at its maximum for 7=90° but disappears for 7=0° and 180°. Third,

Table 3 Geometrical parameters of gaseous disulfane (H,S, and D,S;)

Method dss (pm)  dsy (pm) «(SSH)  7(HSSH)  Reference
Electron diffraction on H,S, 205.5(1) 132.7 92.0(5)°  90.60° [37]
MW spectroscopy of D,S, 205.5(1) 132.4(3) 91.3(5)°  90.23(3) [38]

MW and FTIR spectroscopy 205.64(1) 134.21(2) 97.88(5)° 90.3(2)° [21, 39]
on HzSz, HDSZ and DzSz
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Table 4 Geometrical parameters of two conformational isomers of gaseous trisulfane (r,
bond lengths; data from ref. [17])

dss(pm) dsu(pm) a(SSH) B(SSS) T(HSSS)
cis-H,Ss 205.30(1) 134.35(14)  97.37(15)°  106.919(3)°  90.82(16)°
trans-H,S; 205.39(4) (134.35) 97.2(7)° 107.02(2)° 87.7(4)°

2 Assumed value

the hydrogen atoms repel each other and this effect is maximum at 7=0°
therefore, the cis-barrier is substantially higher than the trans-barrier [41,
43, 44].

4.2
Trisulfane

The trisulfane molecule exists as two conformers which have been termed as
cis- and trans-H,S;. While the trans-form is a helical molecule of C, symme-
try with the motif ++ (or - - for the enantiomer), the cis-form is of Cs sym-
metry with the motif +- (identical to —+). Both forms have been detected by
rotational spectroscopy [17, 45, 46]. The motif gives the order of the signs of
the torsion angles at the SS bonds. The geometrical parameters [17] are pre-
sented in Table 4. The trans-isomer is by only 1 k] mol™! more stable than
the cis-form but the barrier to internal rotation from trans to cis is 35 k]
mol™! [46]. The dipole moments were calculated by ab initio MO theory
at the QCISD/TZ+P level as 0.68 D (trans) and 2.02 D (cis) [46]. For geo-
metrical parameters of cis- and trans-trisulfane calculated at the
MP2/6-311++G** level, see [34].

43
Tetrasulfane

The molecule H,S, exists as three conformers with the motifs (symmetries)
+++(C,), ++-(Cy), and +-+(C,); see Fig. 2.

According to ab initio MO calculations at the MP2/6-311G**//MP2/
6-311G** level of theory the conformer of C; symmetry (motif + + —) is the
most stable one at 0 K, followed by the C, form with the motif + — + which
is by only 0.4 k] mol™! less stable [47]. The helical form of C, symmetry is
by 0.7 k] mol™! less stable than the C; form. The activation energies for the
rotation about the central SS bond are 32 kJ mol™! for the cis-barrier and
27 k] mol™! for the trans-barrier [47]. At the G2 level of theory the Gibbs
energy difference at 298 K between the isomers of motifs + + — (most stable;
C, symmetry) and + — + (C,) is 0.9 k] mol ™" [48].

The geometrical parameters of the three isomers of H,S, are rather simi-
lar excepting the signs of the torsional angles. The following data were ob-
tained at the MP2/6-311G** level: dgs=207.3-207.7 pm, dsy=133.7-133.8 pm,
a(HSS)=97.3-98.0°, B(SSS)=106.8-107.4°, 7(HSSS)=82.9-92.3°, 7(SSSS)=
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Fig. 2 Three conformational isomers of the tetrasulfane molecule H,S, differing by the
signs of the torsional angles at the three SS bonds (after [47])
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79.9-80.5° [47]. Very similar values were calculated at the MP2(full)/6-31G*
level [48] and at the MP2/6-311++G** level [34]. No experimental structure
determination has been reported for tetrasulfane.

44
Higher Sulfanes

No experimental studies on the molecular structures of the higher polysul-
fanes H,S,, with n>4 are known but a number of ab initio MO calculations
on these molecules have been published. Of these, only those will be cited
here which used a decent level of theory by today’s standards. In particular,
the correction for electron correlation has to be included in the geometry
optimization. The rotational isomerism of the sulfur chains gets more and
more complex as the chain-length increases. In theory, 2™ permutations for
the signs of the torsion angles exist for a sulfane molecule with m S-S bonds.
Of these, all molecules of C, symmetry (n=1, 2) will be chiral. However, only
the helical isomers of C, symmetry have so far been calculated at a high lev-
el, for example H,Ss and H,Ss [42].

45
Branched Isomers of the Sulfanes

By ab initio MO and density functional theoretical (DFT) calculations it has
been shown that the branched isomers of the sulfanes are local minima on
the particular potential energy hypersurface. In the case of disulfane the
thiosulfoxide isomer H,S=S of C; symmetry is by 138 k] mol™! less stable
than the chain-like molecule of C, symmetry at the QCISD(T)/6-31+G**//
MP2/6-31G** level of theory at 0 K [49]. At the MP2/6-311G**//MP2/6-
311G** level the energy difference is 143 k] mol™! and the activation energy
for the isomerization is 210 kJ mol™! at 0 K [50]. Somewhat smaller values
(117/195 kJ mol™!) have been calculated with the more elaborate CCSD(T)/
ANO-L method [50]. The high barrier of ca. 80 k] mol™! for the isomeriza-
tion of the pyramidal H,S=S back to the screw-like disulfane structure
means that the thiosulfoxide, once it has been formed, will not decompose
in an unimolecular reaction at low temperature, e.g., in a matrix-isolation
experiment. The transition state structure is characterized by a hydrogen
atom bridging the two sulfur atoms.

The symmetrical thiosulfoxide isomer of tetrasulfane (HS),S=S is also of
Cs symmetry and by 123 k] mol ™ less stable than the chain-like ground state
of C, symmetry (at the MP2/6-31G*//HF/4-31G* level of theory) [51]. How-
ever, at the much higher G3(MP2) level the energy difference is only 93 kJ
mol ™! [52]. Similarly, the two hexasulfane isomers (HSS),S=S (C; symmetry)
and (HS)(HSSS)S=S (C; symmetry) have recently been calculated at the
G3X(MP2) level to be by 53 and 54 k] mol™!, respectively, less stable than
the helical chain of C, symmetry [52]. The decreasing energy difference be-
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Fig. 3 Structures of two branched isomers of hexasulfane H,S¢ calculated at the B3LYP/
6-31G(2df) level of theory (internuclear distances in pm) [52]

tween helical and cluster-like conformations is explained by the stabilization
of the latter by n*-7* bonds between the sulfur atoms (see Fig. 3).

The activation energies for the formation of the branched species from
the unbranched chains are not known yet but will be ca. 200 k] mol™! ac-
cording to calculations on a related cyclic organic pentasulfane (pen-
tathiepin) [53].

5
Molecular Spectra

The most important analytical tool to characterize sulfane molecules is 'H
NMR spectroscopy followed by Raman spectroscopy while the UV-Vis spec-
tra are rather uncharacteristic.

5.1
TH NMR Spectra

Schmidbaur et al. discovered in 1964 that the sulfanes H,S, with #=1-6 can
be detected in solution by their "H NMR spectra (60 MHz) since the chemi-
cal shifts are sufficiently different [54]. These shifts depend somewhat on the
solvent but change monotonically towards lower fields with increasing num-
ber of sulfur atoms, e.g., in CCly (values in ppm): H,S 0.67, H,S, 2.63, H,S;
3.98, H,S4 4.00, H,S5 4.14. At that time the peaks originating from the species
H,S.¢ could not be resolved enough to make a definite assignment. Never-
theless, it became possible to determine the approximate molecular compo-
sition of crude sulfane mixtures and to check the purity of so-called pure
sulfane samples. This technique has later been applied to solutions of the
lower sulfanes in liquid sulfur which eventually results in the formation of
equilibrium mixtures of very long-chain polysulfanes; see Eq. (2) [8]. These
solutions were made either by reaction of H,S with liquid sulfur at 180 °C
for 24 h (type “A”) or by dissolution of crude sulfane oil in liquid sulfur at
130 °C (type “B”). The samples were measured at 130 °C with TMS as exter-
nal standard. The H,S solution showed only signals of higher polysulfanes
(n>>5) and H,S while the sample of type “B” initially exhibited signals of
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the lower sulfanes but these disappeared within 100 h in favor of the signal
of the long-chain H,S,, species [8].

The most elaborate investigation of the proton NMR spectra of polysul-
fanes in various solvents and in crude sulfane oil has been published by
Hahn [19] who succeeded to resolve the signals of all members up to H,Sss
in mixtures using a 300 MHz spectrometer. The downfield shift differences
of the higher members are almost constant but the absolute shift values de-
pend strongly on the concentration (especially in benzene) as well as on the
solvent which has been explained by hydrogen bonding between the sulfane
molecules and/or between benzene and sulfane molecules (see Table 1).

5.2
Vibrational Spectra

Infrared and Raman spectra of the lower sulfanes as well as of sulfane mix-
tures and of crude sulfane oil have been published. Obtaining reliable infra-
red spectra is relatively unproblematic but the formation of hydrogen bonds
to certain solvents and between sulfane molecules has to be taken into ac-
count. The latter effect results in a certain dependence of the SH stretching
and bending vibrations on the concentration. Reliable Raman spectra, on
the other hand, can only be obtained if the light-sensitivity of the sulfanes is
taken into account which means that blue and green laser lines must not be
used while red lines (e.g., krypton ion laser) or infrared lines (Nd:YAG laser)
can be recommended. Furthermore, the samples should be cooled to ca.
—100 °C to prevent thermal and photochemical decomposition. The low
temperature at the same time results in narrower lines and therefore a better
resolution. In the older literature (prior to 1970) Raman spectra excited with
the green line of a mercury lamp have been described and the spectra of the
sulfanes accordingly show the lines of the decomposition product Sg in addi-
tion. Fortunately, some of the Raman lines of Sg do not interfere with the
sulfane spectra thus allowing the quantitative determination of Sg dissolved
in sulfanes by Raman spectroscopy.

5.2.1
Disulfane

The vibrational spectra of H,S, and D,S, have been studied both in the gas
phase and in solution. Table 5 summarizes the results for gaseous H,S, [55],
liquid H,S, [56], and gaseous D,S, [56]. Although in the pointgroup C, all
fundamental modes are both infrared active and Raman allowed, their inten-
sities in the two types of spectra are quite different. While v;, v4, vs, and vg
are strong in the infrared spectrum, v, and v; are best observed by Raman
spectroscopy.
For harmonic wavenumbers and force constants, see [57].
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Table 5 Vibrational spectra of H,S; and D,S; observed by infrared spectroscopy

Symmetry class No. Type of mode H,S,(gas)  H,S,(liquid) DS, (gas)
A Vi SH stretch 2556 2505

A vy SH bend 883

A V3 SS stretch 517

A Vy Torsion 417 420 306

B Vs SH stretch 2559 2505 1863

B Ve SH bend 880 870 646
5.2.2

Trisulfane

The infrared and Raman spectra of trisulfane have been assigned assuming
a molecular C, symmetry [58]. Due to strong coupling between bending and
torsion modes the assignment given in Table 6 should be considered as only
approximate.

5.2.3
Tetrasulfane

The infrared and Raman spectra of dissolved tetrasulfane have been as-
signed assuming a molecular C, symmetry [58]. Due to strong coupling be-
tween bending and torsion modes the assignment given in Table 7 is only
approximate. However, the assignment is supported by the results of high-
level ab initio MO calculations [47].

524
Higher Sulfanes

Older Raman data obtained using a mercury lamp are available for the sul-
fanes H,S, (n=5-8) and for crude sulfane oil. However, there is some suspi-
cion that the lines observed near 150 and 217 cm™! result from Sg as a by-
product of the preparation reactions or as a photochemical decomposition

Table 6 Vibrational spectra of trisulfane (after [58]; wavenumbers in cm™)

Symmetry class IR (in CCly) Raman (in CS,) Assignment
A 2540 SH stretch

A 868 867 SSH bend

A 487 488 SS stretch

A 320 SSSH torsion
A 211 SSS bend

B 2532 SH stretch

B 856 857 SSH bend

B 477 470 SS stretch

B 320 SSSH torsion
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Table 7 Vibrational spectra of tetrasulfane (after [58]; wavenumbers in cm™')

Symmetry class IR (in CCly) Raman (in CS,) Assignment
A 2450 SH stretch

A 863 864 SSH bend

A 484 SS stretch

A 450 454 SS stretch

A 320 SSSH torsion
A 184 SSS bend

A 77 SSSS torsion
B 2532 SH stretch

B 851 854 SSH bend

B 487 SS stretch

B 320 SSSH torsion
B 225 SSS bend

product [24, 27, 59]. For more recent infrared and laser Raman spectra of
crude sulfane (also containing some Sg), see [15].

53
UV-Vis Spectra

Fehér and Miinzner [60] recorded the UV-Vis spectra (200-400 nm) of the
sulfanes H,S, with #n=1-8 in cyclohexane. The spectra are characterized by
a strong absorption in the region 200-230 nm and a slow decrease of the ex-
tinction coefficient towards longer wavelengths. As longer the sulfur chain,
as higher the molar absorbance at a given wavelength and as more red-shift-
ed the spectra become. In the 260-330 region there is also an absorption
maximum or a broad plateau which gets more and more pronounced as
more sulfur atoms are present.

5.4
Other Spectra

The ionization energy of gaseous disulfane has been determined by pho-
toionization efficiency spectroscopy as 9.40+0.02 eV [25] and by photoelec-
tron spectroscopy as 9.41 eV [61]. Recently, XANES spectra of H,S and H,S,
have been reported which show distinct differences [62].

6
Reactions

6.1
Thermal and Photochemical Decomposition

All sulfane molecules are thermally and photochemically sensitive and tend
to decompose into hydrogen sulfide and elemental sulfur (Sg). As mentioned
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earlier this reaction is accelerated by many substances. While the enthalpies
of formation of the lower sulfanes are all negative at standard conditions
(liquid sulfanes), the decomposition according to Eq. (1) is always exother-
mic. In other words, the sulfanes are metastable compounds. Even if the hy-
drogen sulfide is not allowed to escape (as in a calorimetric steel bomb) the
reaction at Eq. (1) goes to completion at 298 K, especially in the presence of
a catalyst like MgO [63]. In this way the standard enthalpies of formation
(from H, and orthorhombic Sg) have been determined as follows (k] mol™)
[63]:

stzi—lg HzS3Z—14 H2S4:—12 H2$52—10 HzSeZ—g

6.1.1
Thermolysis

The decomposition of tri- and tetrasulfane in CCl, solution (0.2 mol I"!) at
70 °C and in the absence of oxygen has been studied by 'H NMR spectrosco-
py [64]. Initially, tetrasulfane decomposes to a mixture of tri- and pentasul-
fane but slowly and after an induction period hydrogen sulfide and disulfane
are formed in addition. These results have been interpreted in terms of a
radical-chain reaction. The initial step is assumed to be the homolytic cleav-
age of the central SS bond which has by far the lowest dissociation enthalpy
of the molecule:

H,S, — 2HS, (15)

The further products depend on the site at which the generated radicals
attack the starting material:

Only HS. radicals are able to abstract hydrogen atoms from sulfanes:

Recombination of the radicals may also occur. After about 200 h the com-
position of the solution was about the same as for the trisulfane decomposi-
tion but the final products were just H,S and Ss.

The initial products in the trisulfane decomposition are H,S, and approx-
imately equal amounts of H,S and H,S,. This reaction is much faster than
the tetrasulfane decomposition despite the higher dissociation enthalpy.
Therefore, it was assumed that the radicals formed in the initial step are
more reactive [64]:

H,S; — HS' + HS, (20)
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HS, + H,S; — H,S, + HS (21)

It should be pointed out however that there is no proof for the intermedi-
ate formation of free radicals and other mechanisms may explain the prod-
uct distribution equally well. Such an alternative may be an ionic mecha-
nism, possibly catalyzed by impurities or the walls of the container. In the
above experiments Pyrex tubes were used [64].

The SS bond dissociation energies (AE®) at 298 K are 247 k] mol™! for
disulfane, 201 kJ mol™! for trisulfane, and 159 k] mol™! for the central bond
of tetrasulfane, all calculated at the CCSD(T)/6-311++G(2df,p)//MP2/6-
311G** level of theory. The corresponding Gibbs energies for these reactions
are 212, 157, and 112 k] mol ™}, respectively [34].

In the literature tetrathiosulfuranes have been discussed as possible inter-
mediates in the thermal decomposition of sulfanes and other polysulfur
compounds. High-level ab initio MO calculations have in fact revealed that
such species are local minima on the potential energy hypersurface [34].
However, recent results show that both the Gibbs reaction energies as well as
the activation enthalpies for reactions of the type

H,S; +H,S; = (HS),S AG®395= 200 kJ mol (24)

are higher than the bond dissociation energies of the starting materials
[34]. Therefore, tetrathiosulfuranes can be ruled out as intermediates in the
interconversion reactions discussed in this chapter.

Fehér and Weber [65] have shown that liquid disulfane on heating to
50 °C decomposes initially according to Eq. (25):

2H282 — HzS—|—st3 (25)

As the reaction proceeds higher sulfanes and finally Sg are formed. The
reaction is autocatalytic which makes any kinetic analysis difficult. The au-
thors discussed a number of reaction mechanisms which are, however, obso-
lete by today’s standards. Also, the reported Arrhenius activation energy of
107417 k] mol™ is questionable since it was derived from the study of the
decomposition of a mixture of disulfane and higher sulfanes. Nevertheless,
the observed autocatalytic behavior may be explained by the easier ho-
molytic SS bond dissociation of the higher sulfanes formed as intermediate
products compared to the SS bond of disulfane (see above). The free radicals
formed may then attack the disulfane molecule with formation of H,S on
the one hand and higher and higher sulfanes on the other hand from which
eventually an Sg molecule is split off.
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6.1.2
Photolysis

Flash photolysis of either H,S [66] or H,S, [67, 68] in the gas phase at low
partial pressures produces, inter alia, HS,- radicals which were detected by
their UV absorption spectrum in the 307-380 nm region. In addition, singlet
and triplet S, molecules as well as SH' radicals are formed from H,S,, and
the following reaction mechanism has been proposed (photolysis in the re-
gion 200-300 nm in the presence of excess CO,) [67]:

H,S; +h-v—2HS (26)
HS + H,S, — H,S + HS, (27)
HS +HS, > H,S+ S, (28)
HS +HS, — H,S;3 (29)

Irradiation of disulfane in an argon matrix at 7.5 K by photons of wave-
length 266 nm resulted in dissociation according to the following equations
in an approximate 1:1 ratio [69]:

HzSz+h'V—>H2+Sz (30)
H,S; +h-v—H +HS, (31)

The HS,- radical was detected by its infrared absorption spectrum and
the S, molecule by luminescence spectroscopy. In addition, infrared bands
assigned to dimers of disulfane molecules were observed at higher H,S, con-
centrations. The HS,- radicals may further be split into hydrogen atoms and
S, molecules during the photolysis since the concentration of HS, first in-
creases and then decreases while that of S, steadily increases. No evidence
for the thiosulfoxide H,S=S was found, and the probably formed HS: radi-
cals are assumed to be unable to leave their cage in the matrix and either re-
combine to H,S, or form H,+S, [69].

6.2
Protonation and Deprotonation

Interestingly, the sulfanes H,S, are both proton acceptors and donors. In the
first case sulfonium ions H3S," are formed, in the second case hydrogen
polysulfide anions HS,™ are the result. While the latter have never been iso-
lated in salts, several salts with sulfonium cations derived from the sulfanes
with n = 1, 2, and 4 have been published. However, none of these salts has
been structurally characterized by a diffraction technique. Therefore, the
structures of the H3S," cations and HS,,” anions are known from theoretical
calculations only.
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6.2.1
Protonation

In an extensive ab initio MO study the structures, energies and vibrational
spectra of the sulfonium ions H;S,* with n=1-4 were studied at the MP2/6-
311(2df,2pd) level of theory [70]. It was confirmed that H3S™ is of Cs, sym-
metry with dsy=134.6 pm and bond angles of 94.2° This cation had previ-
ously been isolated as a component of the salt [H3S][SbFs] [71] and had
been observed spectroscopically [72]. The experimental gas phase r. geome-
try is dsp=135.02 pm and opsp=94.189° [72] which agrees well with the ab
initio calculated values by Botschwina et al.: dsy=135.0 pm, aysy=94.2° [73].

The cation [H,S-SH]" derived from disulfane is of C; symmetry with an
SS bond of length 206.4 pm and the hydrogen atoms in a transoid configura-
tion [70]. This ion is contained in the salts [H3S,][AsFs] [74] and
[H5S,][SbFs] [75]. At the (rather low) SCF/4-31G* level of theory the rota-
tional barrier of [H,S-SH]" has been studied and the maximum energy was
obtained at torsional angles close to 90° and 270° (a torsion angle of 180°
was assigned to the ground state conformation of C; symmetry) [76]. The
barrier for the shift of the excess proton from one sulfur atom to the other
has been calculated as 160 k] mol™! at the MP4/6-31G*//HF/6-31G* level of
theory; the transition state is of C, symmetry [77].

In the case of trisulfane the protonation may occur either at a terminal or
at the central sulfur atom. Both ions were found to be of C; symmetry. On
the basis of their Gibbs energies the ion [H,S-S-SH]" is by 9 k] mol™' more
stable than the tautomer [HS-S(H)-SH]* at 298 K. While the SS bonds in the
latter ion are of almost identical length (205.4 and 205.7 pm), they are rather
different in the former ion (214.9 and 200.9 pm) with the longer one origi-
nating from the three-coordinate atom [70]. These two ions have not been
observed yet.

Tetrasulfane may form the ions [H,S-S-S-SH]*, [HS-S(H)-S-SH]*, and
[S(SH);]" which seem to be the most reasonable connectivities. The latter
has been isolated in the salt [S(SH);][SbCl¢] [75]. The ion [HS-S(H)-S-SH]*
is of C; symmetry and represents the global minimum on the potential ener-
gy hypersurface. Its SS bonds are, from left to right, of lengths 205.7, 211.5,
and 203.3 pm. The gaseous ions [H,S-S-S-SH]* and [S(SH);]* are by only 1
and 7 kJ mol™! less stable (Gibbs energies at 298 K) and are of C; and C;
symmetry, respectively [70].

6.2.2
Deprotonation

In the gas phase all sulfane molecules are relatively strong Bronsted acids.
Their acidity is defined by the enthalpy or, alternatively, by the Gibbs energy
of the following deprotonation reaction:

H,S, = H" +HS, (32)
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According to high-level ab initio MO calculations by the G2 method the
gas phase acidities of sulfanes increase with the number of sulfur atoms in
the molecule [48]. Obviously, the delocalization of the excess electron in the
generated anions is as easier as larger the anion becomes. Gaseous trisulfane
is as strong a proton donor as hydrogen chloride and tetrasulfane is even
stronger but less so than HBr. The corresponding Gibbs energies of reaction
(32) at 298 K are as follows (in k] mol™'): H,S 1444; H,S, 1406; H,S; 1370;
H,S4 1347. Since the increase in acidity from H,S; to H,S, is still consider-
able it can be expected that H,Ss and H,Ss will be even stronger proton do-
nors [48]. The acidity data calculated for H,S and H,S, are in excellent
agreement with the experimental values [78]. No experimental data are avail-
able for the higher sulfanes.

The monoanions HS,~ formed in the reaction at Eq. (32) exhibit interest-
ing structures with alternating SS bond lengths indicative for strong hyper-
conjugation effects [4, 48]. It has been suspected that the high acidity of the
sulfanes may be responsible for the corrosion of steel pipes used to produce
“sour gas” which is a natural gas rich in hydrogen sulfide and containing
lower sulfanes like H,S, [48].

Since the gas phase acidities of the sulfanes increase with the chain-length
the equilibria

HS,, +H,S, = H,S,, +HS, [m<n] (33)

will always be on the right side.

The acidity of some polysulfanes in aqueous solution has been estimated
by Schwarzenbach and Fischer from the results of elegant titration experi-
ments in a flow apparatus [79]. Using solutions of sodium tetra- and penta-
sulfide and measuring the pH value immediately after addition of certain
amounts of hydrochloric acid the pK, values were determined as follows:

HQS4ZpK1= 38, pKzZ 6.3
HstZpKlz 35, pKzZ 5.7

However, since the authors assumed that no hexasulfide and negligible
amounts of tri- and disulfide ions were present in their solutions at pH val-
ues of 11-12, these data can be only approximately correct. In any case, it is
obvious that the acidity of aqueous sulfanes increases with increasing sulfur
content, as it does in the gas phase.

6.3
Nucleophilic Displacement Reactions

Like other polysulfur compounds, the sulfanes are subject to degradation if
treated with strong nucleophiles like aqueous sulfite, arsenite or cyanide:

H,S, + (n—1)SO5™ — H,S + (n—1)S,0%" (34)

H,S, + (1 —1)AsO>~ — H,S + (n—1)As0,5>~ (35)
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H,S, + (n—1)CN™ — H,S + (n — 1)SCN ™ (36)

Since the reactivity of the sulfanes, dissolved in ether or chloroform, to-
wards such reagents is higher than that of Sg a separate determination of
these components in mixtures is possible [80]. However, nowadays the sul-
fanes can be more easily determined by 'H NMR spectroscopy and the dis-
solved sulfur by Raman spectroscopy (see above).

6.4
Condensation Reactions

The chlorides and bromides of certain non-metals react with H,S and higher
sulfanes with liberation of hydrogen halides and formation of novel non-
metal-sulfur bonds. For example, the reaction of H,S, with BCl; in CS, at
—40 °C gives 3,5-dichloro-1,2,4,3,5-trithioadiborolane in 2.5% yield along
with HCI and elemental sulfur. The reaction of BBr; with H,S, in CS; at 0 °C
gives the corresponding 3,5-dibromoborolane in 95% yield along with HBr
and elemental sulfur (see Scheme 1) [81].

/s—s\ /s-—s
B B~a BB
Cl S s Br

Scheme 1

The reactions of disulfane with PhBCl, or MeBBr, in CS, at 20 °C give the
corresponding 3,5-diphenyl- and 3,5-dimethylborolanes in yields of 50%
and 73% respectively [82].

Dichlorosulfanes S,Cl, (and, in an analogous manner, dibromosulfanes)
react with sulfanes by the general equations

SmC12 + 2H28n — stm+2n + 2HC1 (37)
or
ZSmC12 + HZSn — 52m+n + 2HC1 (38)

depending on which component is applied in excess. These reactions may
be used for the preparation of either higher sulfanes (see above) or of higher
dichlorosulfanes. If the starting materials are mixed in a molar ratio of 1:1 a
reaction with quantitative evolution of HCI takes place and elemental sulfur
is formed which consists mainly of polymeric “u-sulfur” but contains also
the homocycles S;, Sis, and Sy

SmCly + HyS, — Sy + 4HCI (39)

The mentioned homocycles have been extracted from the sulfur mixture
by carbon disulfide [83].
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The condensation of an excess of H,S, with SCl, at —60 °C followed by
evaporation of the unreacted disulfane together with the HCl yields almost
pure pentasulfane H,Ss [16, 27, 54]. If H,S, is allowed to react with a large
excess of SCl, at =78 °C [16, 84] or —10 to 0 °C [85] dichlorotetrasulfane is
produced in high yield and good purity. If an inert solvent like CCl, is used,
no excess of SCl, is required [86].

The reaction of organic sulfenyl chlorides RSCI or chlorodisulfanes RSSCI
with sulfanes provides organic polysulfanes in preparative quantities [2]:

2RS,,Cl, + HyS, — RySomin +2HCl  (m=1,2; n=1-4) (40)

For example, trichloromethyl sulfenylchloride yields the corresponding
tri- and tetrasulfanes on reaction with disulfane [87]:

The trisulfane R,S; probably results from the decomposition of H,S, to
H,S followed by condensation with CCI;SCI.

The homocyclic sulfur oxide SgO was prepared by condensation of
thionylchloride with crude sulfane oil at —40 °C applying the dilution princi-
ple. It is believed that the product results from the heptasulfane content of
the sulfane oil [88]:

From 95 g of SOCI, and 183 g of H,S,, both dissolved in CS, and added
simultaneously but slowly (within 8 h) to a mixture of 0.75 1 CS, and 0.35 1
Me;O0, ca. 4 g of pure SgO were obtained after repeated recrystallization. SsO
forms needle-shaped yellow crystals of m.p. 78 °C (dec.). The molecules con-
sists of a crown-shaped Sg rings with exocyclic oxygen atoms in axial posi-
tions [89].

7
Applications

In the Introduction it has already been mentioned that sulfanes are likely to
occur in underground sulfur-rich deposits of sour natural gas. This gas is
freed from H,S by washing with an alkaline solvent from which the hydrogen
sulfide is later expelled by heating. The Claus process is then applied to con-
vert H,S into elemental sulfur:

H28+3/202—>H20+502 (43)
2H,S + SO, — 38jiq + 2H,0 (44)

However, since the latter reaction is an equilibrium process the Claus sul-
fur still contains traces of H,S (200-350 ppm, mostly in the form of polysul-
fanes) which causes serious problems since the H,S partly escapes on cool-
ing or solidification of the sulfur. Obviously, the H,S content needs to be
controlled because of the extreme toxicity of hydrogen sulfide and its ability
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to form explosive mixtures with air (lower explosive limit in air at 150 °C:
3.5 vol.% H,S). Another concern is the corrosive nature of hydrogen sulfide.
The removal of H,S physically and chemically dissolved in liquid sulfur is
therefore an important process [9]. There are several degassing methods.
The principle is always to accelerate the decomposition of the polysulfanes
to hydrogen sulfide and sulfur and to remove the physically dissolved H,S
by a sweep gas (usually hot air). The acceleration can be achieved by either
agitation or spraying of the liquid as well as by adding a catalyst like ammo-
nia, urea or other amines. However, some of the catalysts may result in plug-
ging problems if the sulfur is later burned for sulfuric acid production. The
oxygen in the sweep gas helps to oxidize dissolved H,S according to
Eqgs. (43) and (44) [9]. The remaining H,S concentration should be well be-
low 10 ppm.
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Abstract Inorganic polysulfide anions S,?~ and the related radical anions S, play an impor-
tant role in the redox reactions of elemental sulfur and therefore also in the geobiochemical
sulfur cycle. This chapter describes the preparation of the solid polysulfides with up to eight
sulfur atoms and univalent cations, as well as their solid state structures, vibrational spectra
and their behavior in aqueous and non-aqueous solutions. In addition, the highly colored
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List of Abbreviations

Crypt-2.2.2 N(C2H4OC2H4OC2H4)3N

en Ethylenediamine

hmpa Hexamethylphosphoric triamide

pmdeta N,N,N',N”",N"’-pentamethyldiethylenetriamine
teeda Tetraethylethylenediamine

tmeda Tetramethylethylenediamine

1

Introduction

Inorganic polysulfides are ionic substances containing chain-like dianions
S,>”. Such ions are formed in numerous reactions, e.g., by oxidation of
monosulfide ions HS™ in water or other polar solvents as well as by reaction
of aqueous monosulfide with sulfur-rich compounds including elemental
sulfur:

2HS™ —2e” — S} +2HT (1)
2HS™ + Sg — 282 +2H" (2)

Therefore, polysulfide ions play a major role in the global geological and
biological sulfur cycles [1, 2]. In addition, they are reagents in important in-
dustrial processes, e.g., in desulfurization and paper production plants. It
should be pointed out however that only sulfide, elemental sulfur and sulfate
are thermodynamically stable under ambient conditions in the presence of
water, their particular stability region depending on the redox potential and
the pH value [3]:

1/2Sg +4H,0 = 3HS™ +S0; +5H" (3)

On the other hand, the large activation energy for the formation of sulfate
from Sg and water makes it possible to prepare polysulfides as well as other
reduced sulfur compounds as metastable products in aqueous solution at
ambient conditions.

Polysulfides are the key reactants in the high-density sodium-sulfur and
lithium-sulfur batteries [4] which are based on the following reversible re-
dox reaction taking place in the polysulfide melt:
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1/28s+2e” = S2~ (4)

In melts and polar solvents polysulfide dianions are usually present as
mixtures of species of different chain-lengths as a result of the following
types of equilibria which are rapidly established even at 20 °C [5]:

283 = S 4 8% (5)
283 = 82 s+ (6)

The chemistry of polysulfide dianions is closely related to that of the rad-
ical-monoanions S, since both types of anions are in equilibrium with each
other in solution and in high-temperature melts, e.g.:

S =28y (7)
$ =8, +85 (8)

Furthermore, polysulfide anions are subject to autoxidation if molecular
oxygen is present, e.g.:

S +3/20, 8,05 +1/4Ss (9)

In solution this reaction is rather rapid but in the solid state autoxidation
takes place much slower. Nevertheless, commercial sulfides and polysulfides
of the alkali and alkali earth metals usually contain thiosulfate (and anions
of other sulfur oxoacids) as impurities [6]. For all these reasons the chemis-
try of polysulfides is rather complex, and some of the earlier studies on
polysulfides (prior to ca. 1960) are not very reliable experimentally and/or
describe erroneous interpretations of the experimental results.

Polysulfides have been prepared with many different types of cations,
both monoatomic like alkali metal ions and polyatomic like ammonium or
substituted ammonium or phosphonium ions. In this chapter only those
salts will be discussed in detail which contain univalent main-group cations
although a large number of transition metal polysulfido complexes have
been prepared [7-9].

A truly comprehensive review on the chemistry of inorganic (ionic) poly-
sulfides has never been published. Szekeres [10] as well as Hanley and Czech
[11] reviewed the classical analytical chemistry (titrimetric and gravimetric
analysis) of sulfur acids including sulfides and polysulfides in 1974 and
1970, respectively. Chivers reviewed the chemistry of polychalcogenide an-
ions including the radical monoanions (with the stress on the latter) in 1977
[12]. Hamilton critically reviewed the literature on aqueous polysulfide solu-
tions and proposed a speciation model of his own [13].
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Table 1 Properties of some ionic polysulfides

Compound Color (20 °C) Melting point [14, 15] Density (g cm™)
(20 °C)

Na,S, Yellow 470%10 °C () Two allotropes

Na,S4 Orange-yellow 290%5 °C 2.08

Na,S5 Brown-yellow 26515 °C 2.08

K>S, Pale yellow 487 °C 1.973

K,S;3 Yellow-brown 302 °C 2.102

K,S4 Orange-yellow 154 °C

K,Ss Orange 206 °C 2.128

K,Ss Red 189 °C 2.02

2

Preparation of Solid Polysulfides

2.1
Alkali Metal Polysulfides

The rather complex equilibrium phase diagrams of the sodium-sulfur sys-
tem [14] and of the potassium-sulfur system [15] have been critically re-
viewed by Sangster and Pelton in 1997. In the sodium-sulfur system the
compounds Na,S, @-Na,$S,, f-Na,S,, Na,S,, and Na,Ss exist but neither Na,S;
nor polysulfides higher than the pentasulfide do [16]. Na,S, exists as a-form
below 160 °C and as S-form above this temperature; both are of hexagonal
crystal symmetry. 3-Na,S, melts incongruently at 470 °C while the tetra- and
pentasulfides show congruent melting points (peritectic) [14]. As higher the
sulfur content as lower the melting points (see Table 1). Liquid sodium poly-
sulfides easily supercool and form relatively stable glasses. By Raman spec-
troscopy it was found that Na,S, and Na,Ss can be obtained as several meta-
stable phases depending on the preparation conditions [17,18]. The thermo-
dynamically stable forms at ambient conditions are designated by o.

In the potassium-sulfur system the compounds K,S, K,S;, K,S;, KySs,
K,Ss, and K,S; exist and there are six eutectics [15]. All sodium and potassi-
um sulfides and polysulfides are hygroscopic and some of them form well
defined hydrates.

The preparation of anhydrous Na,S,, Na,Ss, Na,Ss, K,S,, K,Ss3, K;S4, K;Ss,
and K,S¢ has been described in detail by Fehér et al. [16, 19-21]. These pro-
cedures are based on the following reactions (M: Na or K):

2M+1/4 Sg — M5 S, (10)
M,S + x/8Ss — M,S (11)
2MHS + x/8Sg — M,S, 1 + H,S (12)
M,Ss +2M — 2M,S, (13)
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Mzsx + 1/8 Sg — MzS,H_] (14)

Na,S,, K;S,, Na,Sy, K,S4, and K,Ss may be prepared from the elements in
liquid ammonia according to Eq. (10) in a special apparatus which allows
the strict exclusion of moisture and oxygen. The alkali metals are soluble in
liquid ammonia and reduce the sulfur stoichiometrically. After evaporation
of the solvent the product is homogenized by heating under vacuum to a
temperature just below the melting point.

Anhydrous Na,S, and K,S, may also be prepared according to Eq. (11),
e.g., by heating of the components in an evacuated glass ampoule to 500 °C
until a homogeneous melt is obtained which is then allowed to cool slowly.
High-melting glass should be used for the ampoule.

Sodium disulfide for the in situ preparation of organic disulfanes R,S;
may also be prepared from the elements in 1,2-dimethoxyethane at 70 °C in
the presence of catalytic amounts of an aromatic hydrocarbon or ketone
[22].

The reaction at Eq. (12) allows the preparation of Na,S, and K,S; from the
alkali metals, hydrogen sulfide and sulfur in anhydrous ethanol (ROH). First
the metal is dissolved in the alcohol with formation of ethanolate (MOR)
and hydrogen. Bubbling of H,S into this solution produces the hydrogen sul-
fide (MHS). To obtain the polysulfide the solution is refluxed with the calcu-
lated amount of elemental sulfur. After partial evaporation of the solvent
and subsequent cooling the product precipitates.

The alcoholic solution of Na,S, prepared as described above may be re-
duced to Na,S; by addition of the calculated amount of sodium and refluxing
under pure nitrogen; see Eq. (13).

K,Ss is obtained if K,Ss and sulfur are heated in an evacuated glass am-
poule to 220-280 °C for several hours followed by cooling to 20 °C within
10 h; see Eq. (14).

The mechanism of the reaction of solid &-Na,S, with Sg has been studied
by Raman spectroscopy [18]. The reaction begins at the melting temperature
of Sg (120 °C) and the primary product is @-Na,S,;. Near 160 °C the remain-
ing a-Na,$, first transforms to 3-Na,S, which also reacts with Sg to a-Na,S,.
If Na,$ is used as a starting material it first reacts with Sg to Na,S,. Heating
of a-Na,S, to 500 °C followed by cooling to 120 °C results in a glassy materi-
al which on annealing at this temperature forms crystalline p-Na,S, as a
metastable phase which melts at ca. 230 °C. If a mixture of Na,S and a-Na,S,
is heated to 200 °C the Raman lines of 3-Na,S, can be observed:

2Na,S + Na,S4 — 3Na,S, (15)

Na,S; is not stable in the solid state, and cooling of a melt of composition
Na,S; leads to an eutectic mixture of Na,S, and Na,S, [18, 23]. However, the
Raman spectra of melts of this composition show a line at 462 cm™ which
has been assigned to S;*>~ ions [18], and at low temperatures in liquid am-
monia a metastable phase of Na,S; has evidently been prepared by the fol-
lowing reaction [24]:



132 Ralf Steudel

K,S; + 2NaCl — Na,S; + 2KCl | (16)

The potassium chloride precipitates from the solution shifting the equi-
librium to the right side. On heating to 100 °C this Na,S; sample decom-
posed exothermically to a 1:1 mixture of Na,S, and Na,S, similar to the one
described above.

Heating of a-Na,S, with an excess of sulfur to 500 °C yields mixtures of
o-, B-, -, and J-Na,Ss with the p-form predominating. This allotrope con-
verts to the a-form on annealing at 200 °C for 21 h while the - and §-form
slowly convert to the a-allotrope on cooling also. In other words, these phas-
es are metastable at any temperature [18].

Although solid Na,Ss does not exist the adduct [Na(tea)],S¢ has been iso-
lated as red crystals which were crystallographically characterized (tea = tri-
ethanolamine) [25].

The sulfur pressure over liquid sodium polysulfides has been measured in
the temperature range 400-1000 °C [26].

For the preparation of rubidium and cesium polysulfides, see [27].

To check the identity and purity of the products obtained in the above re-
actions it is not sufficient to analyze for the sulfur content since a mixture
may incidentally have the same S content. Either X-ray diffraction on single
crystals or Raman spectra of powder-like or crystalline samples will help to
identify the anion(s) present in the product. However, the most convincing
information comes from laser desorption Fourier transform ion cyclotron
resonance (FTICR) mass spectra in the negative ion mode (LD mass spec-
tra). It has been demonstrated that pure samples of K,S; and K,Ss show
peaks originating from S, radical anions which are of the same size as the
dianions in the particular sample; no fragment ions of this type were ob-
served [28].

2.2
Sulfur-Rich Polysulfides with Complex Univalent Cations

2.2.1
General

A large number of polysulfides with up to eight sulfur atoms in the anion
have been prepared, mostly from non-aqueous solvents. The following do-
nor ligands served to coordinate the alkali metal cations: en = ethylenedi-
amine, tmeda = tetramethylethylenediamine, teeda = tetraethylethylenedi-
amine, hmpa = hexamethylphosphoric triamide, pmdeta = N,N,N’,N”',N""-
pentamethyldiethylenetriamine, crypt-2.2.2 = N(C,H40C,H,0C,H,);N. Of-
ten the polysulfide chain-length in the product is different from that in the
starting material because of the reactions at Egs. (5) and (6) taking place in
solution. Since the polysulfides are often hygroscopic and air-sensitive their
preparation has to be performed under an atmosphere of dry nitrogen or ar-
gon.
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2.2.2
Tetrasulfides

Na(Et4N)S, was obtained from Na,S, and Et,NCI in ethanol and was charac-
terized by X-ray diffraction on single-crystals [29]. Orange needles of
[Li(pmdeta)],S, crystallized from solutions of pmdeta in toluene in which
Li,S, or Li,S4 was suspended. In the case of Li,S4 the yield is, of course,
much higher [30].

2.2.3
Pentasulfides

Ammonium pentasulfide is usually prepared according to Eq. (17) by sus-
pending elemental sulfur in aqueous ammonia (35%) and bubbling hydro-
gen sulfide into the solution [20, 31, 32]:

H25+ 1/2 Sg +2NH3 — (NH4)285 (17)

On cooling (NHy),Ss crystallizes as yellow to orange-yellow needles which
melt at 95 °C in a sealed glass tube but decompose in air [reverse reaction at
Eq. (17)] and on dissolution in water. (Et;N),Ss is obtained by reaction of
Et,NCIl with Na,Ss in ethanol [33].

224
Hexasulfides

Dark-red needles of (BuyN),Ss were obtained by treatment of an "alloy" of
composition Na,S; (prepared from Na,S+1/4 Sg) with aqueous (BuyN)Br fol-
lowed by recrystallization from acetone [34]. In a similar fashion (Me4N),S¢
was prepared from Na,Ss and Me,NCl in H,0 with exclusion of oxygen [35].
Ethylenediamine reacts with sulfur and H,S to give (enH,)Ss containing
diprotonated ligands [36]:

H28+5/8 88 +en — (enH2)86 (18)

In contrast, the reaction of H,S, Sg and ethylenediamine in ethanol at
65 °C produces orange crystals of (enH),S¢ which still contain some elemen-
tal sulfur [37]. If trimethylamine is used the product is (Me;NH),Ss [38].
Dark-red [K(crypt-2.2.2)],S¢ crystallizes from a solution of K,Ss, Sg and
crypt-2.2.2 in ethylenediamine [39]. Orange crystals of [Li(tmeda)],S¢ were
obtained by extracting Li,S, repeatedly with tetrahydrofuran (THF), evapo-
ration of the solvent from the extracts and suspending the latter in a solu-
tion of tmeda in toluene followed by addition of THF and cooling [40,41]. In
a similar fashion [Li(hmpa)],Ss, [Li(pmdeta)],Ss, [Na(pmdeta)],Ss, and
[K(hmpa)],Se [41] as well as [Li(teeda)],Se [30] were prepared. The reaction
of triorganotelluronium chlorides R3TeCl (R = Me, Ph, etc.) with Na,S, (x =
4-6) in methanol at 50 °C yields the corresponding bis(triorganotelluroni-
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um) hexasulfides (R;Te),S¢ regardless of the employed sodium polysulfide
or the size of the telluronium cation [42].

225
Heptasulfides

Bis(tetrapropylammonium)heptasulfide (Pr4N),S; was obtained from the re-
action of PryNBr and Na,Ss in water [43]. [K(crypt-2.2.2),]S; crystallizes to-
gether with other products from a solution of K,Ss, Sg and crypt-2.2.2 in eth-
ylenediamine. The red crystals easily lose the solvent molecule [39]. Triclinic
orange-red crystals of (Ph4P),S; have been obtained from a mixture of
(EtyN),MoS,, diethyldithiocarbamate trihydrate, and Ph,PCl in CH3CN [44].
The compound (Ph4P),S; and the derivative (Ph4P)(NH,)S;-CH3;CN are also
accessible from PhyPBr, polysulfide, Sg, H,S, and NH; in CH;CN but the de-
tails of this synthesis have not been disclosed yet [45]. The reaction of
[PPN]SH with Sg in ethanol yields crystalline [PPN],S;-2EtOH in high purity
[PPN = (Ph;P),N*] [46]. Saturation of a solution of diisobutylamine and Sg
in a 1:1 mixture of formamide and dimethylformamide with H,S provides
[(i-C4Hy),NH,],S; [47].

2.2.6
Octasulfides

Treatment of Na,S, with (Ph4P),Cl in ethanol yields (Ph4P),Ss [48]:
2Na,S; + 2Ph,PCl — (Ph,P),S; + Na,S, + 2NaCl (19)

Orange-red crystals of (Et;NH),Sg are formed on reaction of triethanol-
amine with sulfur and H,S in formamide at 60 °C and subsequent cooling to
20 °C [49]:

2EN+H,S + 7/8 Sg — (Et3NH)288 (20)

There is also a report on the preparation of the dodecasulfide (PPN),S;,
[50] but the experimental evidence for such an anion is rather weak.

Polysulfides with two-valent complex cations, e.g., [M(N-methylimida-
zole)s]Ss have been prepared with M = Mn, Fe, Ni, Mg [51].

3
Properties of Solid Alkali Polysulfides

The alkali polysulfides are hygroscopic crystalline substances which show a
pronounced thermochromic effect. The higher members decompose on
heating and sinter before melting. The densities given in Table 1 were deter-
mined by the pyknometric method [52]. As far as the colors and melting
points are concerned rather differing reports can be found in the literature.
The melting temperatures cited in Table 1 are "best values" and the colors
were taken from Fehér’s work.
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60 — - _

Fig. 1 Possible conformations of the pentasulfide anion S5~ and of the hexasulfide ion
Ss*~ depending on the signs of the torsion angles

4
Structures of Polysulfide Dianions

Many of the polysulfides described above have been investigated by X-ray
diffraction on either powders or single crystals. In all cases the more sulfur-
rich anions (#>3) form unbranched chains the symmetry of which varies
between Cj, C,, and C,. According to Fig. 1 the symmetry C, results if all tor-
sion angles have the same sign (right-handed helix: + + +...; left-handed he-
lix: — — —...). If the different torsion angles of the anion vary between + and
— the symmetry may be C; or C;. The order of the signs of the torsion angles
along the chain is called the "motif" of the anion. For structural details, see
Table 2.

For powder diffraction studies of Na,S, (hexagonal), a-Na,S, (tetragonal),
and a-Na,S; (orthorhombic), see [16, 53]; for those of K,S,, K,S3, K»S4, K,Ss,
and K,Sg, see [21]. The hexagonal structures of a- and -Na,S, contain disul-
fide anions with SS bonds of length 215 pm (in both cases) while 210 pm
were derived for K,S, [54]. The orthorhombic structure of K,S; contains an-
ions of Cy, symmetry with SS bonds of 208.3(1) pm and a bond angle of
105.4(1)° [55].

0-Na,S, crystallizes in a tetragonal space group with Z=8. The anions are
located on a twofold axis (C, symmetry) with internuclear SS distances of
207.4(1) pm for the terminal bonds and 206.1(1) pm for the central bond, an
SSS bond angle of 109.76(2)° and a torsion angle of 97.81° [56].

The crystals of o-Na,Ss are orthorhombic and contain anions of Cs sym-
metry (cis conformation) with SS bond lengths of 206.1(2) pm (terminal)
and 206.6(2) pm (central), SSS angles of 107.3(1)° (terminal) and 108.1(1)°
(central), and torsion angles of 88.6°. The terminal sulfur atoms have four,
their next neighbors two and the central S atom one sodium cation in the
distance range 285-303 pm [57]. In contrast, the anions of K,Ss [58], Rb,Ss
[59], Cs,S5-H,0 [60] and T1,Ss [61] are all of C, symmetry (helical conforma-
tion). The only alkali metal hexasulfide which has been studied by single
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crystal X-ray structural analysis is Cs,S¢ which also contains helical anions
[62, 63].

For structures of polysulfides with two-valent cations, see the original lit-
erature: SrS,, BaS,, SrSs;, and BaS; in [64] and BaS,;-H,0 in [65].

The structures of isolated polysulfide dianions S,>~ with n = 2-8 have
been studied by ab initio molecular orbital calculations with the DZPD basis
set [66]. Generally, small dianions cannot exist as isolated particles but ei-
ther spontaneously loose one electron ("electron autodetachment") or disso-
ciate into two singly charged fragments ("Coulomb explosion"). In the case
of the polysulfide dianions it was found that at least seven sulfur atoms are
needed to accommodate two negative charges. In the ground state all dian-
ions exhibit a helical structure of C, symmetry; other chain-like conformers
are only slightly less stable. The negative charges are essentially localized at
the terminal atoms (0.7 e~ each in the case of hepta- and octasulfide). The
dissociation of S;*” and Sg*” into polyatomic monoanions is exothermic and
most so if the two fragments are of similar or identical size. On the other
hand, the dissociation into S~ and S,—;” is endothermic and there may be a
substantial activation barrier for this process. In other words, all polysulfide
dianions are either unstable or metastable in the gas phase. Surprisingly,
branched polysulfide dianions like the tetrahedral Ss*~ ion (analogous to the
sulfate ion) and the D34 structure of Sg*~ (in analogy to the dithionate ion,
S,0427) are also local minima but much less stable than the helical chain iso-
mers.

5
Polysulfide Solutions

51
Aqueous Solutions

Water-soluble sulfides like those of the alkali and alkali earth metals dissolve
in H,0O with hydrolysis to give strongly alkaline solutions:

$*” +H,0 = HS™ + OH~ (21)

This equilibrium is practically completely on the right side and therefore
the pH of sodium sulfide solutions increases from 12 at a concentration of
0.04 mol I"! to 13 at 1.00 mol 1! [67]. In other words, the pH of these solu-
tions are almost identical to those which one would obtain if pure NaOH
had been dissolved instead of Na,S. Due to the extremely low value of the
second dissociation constant of H,S the sulfide ion S*~ exists in water at ex-
tremely high pH values only but even then it remains a minority species
compared to the HS™ ion [68]. The value of K,,(H,S) is not known exactly
and depends on the ionic strength but has been estimated experimentally at
20 °C as somewhere between 1074 and 1077 mol 17! [68-70] with the latter
value being more likely in strongly alkaline solutions (high ionic strength).
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Remarkably, in the structure of the solid hydrate Na,S-9H,0 the sulfide
ion is coordinated by 12 hydrogen atoms but no SH™ ion is formed [71].

Solutions containing the nucleophiles S*~ and/or HS™ dissolve elemental
sulfur by reactions according to the following equations (nucleophilic degra-
dation):

Ss+HS™ + OH™ = S~ + H,0 (22)
S2”+HS™ + OH = 28} 4+ H,0 (23)

The generated polysulfide dianions of different chain-lengths then estab-
lish a complex equilibrium mixture with all members up to the octasulfide
at least; see Egs. (5) and (6). For this reason, it is not possible to separate
the polysulfide dianions by ion chromatography [6]. The maximum possible
chain-length can be estimated from the preparation of salts with these an-
ions in various solvents (see above). However, since the reactions at
Eqgs. (22) and (23) are reversible and Sg precipitates from such solutions if
the pH is lowered below a value of 6, the nonasulfide ion must be present
also to generate the Sg molecules by the reverse of the reaction at Eq. (22).
The latter reaction (precipitation of Sg on acidification) may be used for the
gravimetric determination of polysulfides [11]. There is no evidence for the
presence of monoprotonated polysulfide ions HS,™ in aqueous solutions [67,
72].

If Sg is dissolved in a polysulfide solution the reactions according to
Eqgs. (24) and (25) are faster than the reactions at Eqs. (22) and (23) since
disulfide (and also trisulfide) anions are evidently stronger nucleophiles
than HS™:

S48 = S (24)
Si, +83 =282 =8I +8 (25)

Consequently, sulfur dissolves in polysulfide solutions much faster than
in equimolar monosulfide solutions [73]. In this context it is of interest that
the analogous decaselenium dianion Se;y>” has been prepared and struc-
turally characterized in solid [PPN],Se;q [74]. This anion is however bi-
cyclic.

Many authors have tried to determine the speciation of the various poly-
sulfide anions in water as a function of sulfur content, pH value, concentra-
tion, and temperature. However, since there is no direct method to deter-
mine single species either analytically or spectroscopically the results are
somewhat speculative and rest on certain assumptions. Most authors agree
that tetra- and pentasulfide ions are the dominating species at higher sulfur
concentrations and that S,*” ions with n>6 can be neglected to a first ap-
proximation [67]. Schwarzenbach and Fischer [69] demonstrated that aque-
ous alkali polysulfides can be titrated with hydrochloric acid in a flow appa-
ratus allowing a very rapid mixing with simultaneous measurement of the
pH value and exclusion of dioxygen. The authors concluded that at polysul-
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fide concentrations of 0.05 mol 1™! only Na,Ss dissolves undecomposed,
while di-, tri-, and tetrasulfides (of Na or K) hydrolyze almost quantitatively
according to the following equations (at 20 °C):

3827 +2H,0 = 2HS™ +20H™ + S}~ (26)
3S2” + H,0 = HS™ +OH ™ + 28%° (27)
482" + H,0 = HS™ +OH™ + 382~ (28)

Therefore, the pH values of these solutions are between 11 and 12. The
speciation model used by Schwarzenbach and Fischer is certainly too simple
but these authors have been the first to demonstrate the strong dependence
of the polysulfide anion distribution on the alkalinity. According to
Eqgs. (26)-(28) higher pH values in dilute solutions will favor smaller anion
sizes.

Teder has been the first to analyze successfully aqueous sodium polysul-
fide solutions by UV-Vis absorption spectroscopy in the range of 200-
600 nm and at pH values ranging from 11 to 13.8 [75]. He observed eight
overlapping bands one of which could be assigned to the HS™ ion (at
230 nm) while the other seven (240-400 nm) all seemed to have contribu-
tions from polysulfide ions with up to six sulfur atoms. The spectra were an-
alyzed by varying the alkalinity, the ratio of sulfide: polysulfide excess sulfur
(i.e., the sulfur atoms of formal oxidation number zero in the polysulfide
chain) and the temperature (25 and 80 °C). The results could be interpreted
with the assumption that tetra-, penta-, and hexasulfide ions are the domi-
nating species besides trisulfide ions and hydrogen monosulfide while the
concentration of $*~ was negligible at 25 °C. Also, monoprotonated polysul-
fide ions were not observed. However, several models with differing polysul-
fide species could explain the experimental data equally well! The mean size
of the polysulfide ions increased with temperature and decreased with in-
creasing alkalinity (see Eq. 23) and reached maximum values of 5 atoms at
25 °C and 6.5 atoms at 80 °C. Interestingly, in ethanolic solution the maxi-
mum size of the polysulfide ions is even larger resulting in additional ab-
sorption bands in the visible region at 476 and 588 nm. The wings of the
polysulfide bands in the near UV stretching into the visible region cause the
yellow color of dilute polysulfide solutions. At higher concentrations the col-
or changes via orange to red; it has been shown above that solid hexa-, hep-
ta- and octasulfides are red (see above).

The composition of sodium polysulfide solutions saturated with sulfur of
zero oxidation number (S°) has also been studied at 25 and 80 °C (solutions
in contact with elemental sulfur) [76]. In this case the ratio $°:S72 per poly-
sulfide ion increases with increasing alkalinity. The maximum average num-
ber of sulfur atoms per polysulfide molecule was obtained as 5.4 at 25 °C
and 6.0 at 80 °C and pH values of >12. Equilibrium constants for reactions
as in Egs. (26) and (27) have been derived assuming various models with
differing numbers of polysulfide ions present.
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The isotopic exchange between radioactive elemental sulfur containing
traces of *>S and aqueous polysulfide at pH=7.6 has been shown to be very
rapid. Within less than 2 min half of the tracer from **S° had exchanged
[77].

Optical measurements on polysulfide solutions at 20 °C similar to those
described above have also been carried out by Giggenbach who varied the
pH value between 6.8 and 17.5 and recorded spectra of dilute solutions at
wavelengths of between 250 and 500 nm [5]. Depending on the concentra-
tions of OH™, SH™, and S° the spectra showed five absorption bands which
were assigned to specific ions as follows: S,2™: 358, S5?7: 417, S,>™: 368, S5*™:
375 nm. This order is rather surprising since one would expect the wave-
lengths to steadily increase with increasing chain-length as has been ob-
served for covalent polysulfanes [78]. On the other hand, the 1,,.x values for
tetra- and pentasulfide are in agreement with earlier measurements [69].
These absorption bands are however too close to each other for an accurate
quantitative analysis. The maximum average number of 4.5 sulfur atoms in
the polysulfide ions derived by Giggenbach for solutions saturated with sul-
fur at temperatures of between 20 and 180 °C and an ionic strength of 0.4
[72] is relatively low and in contrast to the results of Teder [76] and Jordan
et al. [79] which was explained by the lower concentrations [80]. Giggenbach
later extended his studies up to temperatures of 240 °C [80]. Licht et al. [81]
duplicated Giggenbach’s work using a different numerical analysis of the
data without obtaining more reliable results, partly because ions larger than
Ss?~ were neglected. The following peaks were assigned to the polysulfide
ions considered (wavelengths in nm): $?7: 358, S;*7: 429, S,*7: 372, S5*7: 377.

Hamilton [13] assumed the presence of all ions S,?~ with n ranging from
1 to 8 in aqueous polysulfide solutions which is by far the most acceptable
model but since there is insufficient experimental data available this model
cannot be worked out quantitatively without additional assumptions. The
general idea is that those species are most abundant which are close to the
average composition of the particular solution, e.g., S,*~ and Ss*~ for a solu-
tion of composition Na,Sss, and that the larger and smaller ions are sym-
metrically less abundant. Equilibrium constants for the various reactions

n/8 Sg(solid) + HS™ 4+ OH™ = S

w1 + H20 (29)

in water were derived for a number of different speciation models (n = 1-7).
The presence of several ions larger than Ss*~ in aqueous polysulfide solu-
tions has in fact been demonstrated by laser desorption mass spectroscopy
[28].

Giggenbach observed that the absorption band of HS™ at 230 nm in solu-
tions of H,S in concentrated aqueous NaOH developed a shoulder at ca.
250 nm with increasing OH™ concentration; he assigned the new band to the
hydrated sulfide ion $*~(aq) [68].
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5.2
Non-Aqueous Solutions

Ionic polysulfides dissolve only in media of high polarity like water, liquid
ammonia, alcohols, nitriles, amines, and similar solvents. In all of these sol-
vents Sg can be reduced electrochemically to polysulfide anions. On the oth-
er hand, the electrochemical oxidation of polysulfide anions produces ele-
mental sulfur:

S + 2~ = S5~ (30)

The chemistry of elemental sulfur and sulfur-rich molecules including
polysulfides in liquid ammonia [82] and in primary as well as secondary
amines [83] is complex because of the possible formation of sulfur-nitrogen
compounds. Therefore, polysulfide solutions in these solvents will not be
discussed here. Inert solvents which have often been used are dimethylfor-
mamide (DMF) [84-86], tetrahydrofuran (THF) [87], dimethylsulfoxide
(DMSO) [87], and hexamethylphosphoric triamide (HMPA) [86, 88].

Tonic polysulfides dissolve in DMF, DMSO, and HMPA to give air-sensitive
colored solutions. Chivers and Drummond [88] were the first to identify the
blue S;7 radical anion as the species responsible for the characteristic ab-
sorption at 620 nm of solutions of alkali polysulfides in HMPA and similar
systems while numerous previous authors had proposed other anions or
even neutral sulfur molecules (for a survey of these publications, see [88]).
The blue radical anion is evidently formed by reactions according to
Egs. (5)-(8) since the composition of the dissolved sodium polysulfide could
be varied between Na,S; and Na,S;, with little impact on the visible absorp-
tion spectrum. On cooling the color of these solutions changes via green to
yellow due to dimerization of the radicals which have been detected by mag-
netic measurements, ESR, UV-Vis, infrared and resonance Raman spectra
[84, 86, 88, 89]; see later.

5.2.1
Electrochemical Studies

The electrochemical reduction and oxidation of sulfur and of polysulfide di-
anions at inert electrodes has been studied in aprotic solvents and in liquid
ammonia. In the latter case, sulfur-nitrogen compounds are involved and
these systems [90] will not be discussed here.

The electrochemical reduction of Sg in aprotic solvents like DMSO [87, 91,
92], DMF [92, 93], dimethylacetamide [94], acetonitrile [95], or methanol
[95] yields primarily Sg?>~ ions which then equilibrate with other dianions
and radical anions like S;~ and others; see Egs. (4)-(8). In a second reduc-
tion step tetrasulfide ions are formed:

Si + 2e = 2827 (31)
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However, the actual mechanism of tetrasulfide formation may be as fol-
lows [93]:

S2m =28, (32)

S, +e=8; (33)

Besides Sg, the homocycles Sq and S; have been reduced electrochemically
in methanol (Au electrode); the reported half-wave potentials are —0.50,
—0.54, and —0.63 V (£0.03 V each) for S, S7, and Sg, respectively [95].

6
Vibrational Spectra

Vibrational spectroscopy and in particular Raman spectroscopy is by far the
most useful spectroscopic technique to qualitatively characterize polysulfide
samples. The fundamental vibrations of the polysulfide dianions with be-
tween 4 and 8 atoms have been calculated by Steudel and Schuster [96] using
force constants derived partly from the vibrational spectra of Na,S, and
(NH,),S5 and partly from cyclo-Ss. It turned out that not only species of dif-
fering molecular size but also rotational isomers like S5~ of either C, or C;
symmetry can be recognized from pronounced differences in their spectra.
The latter two anions are present, for instance, in Na,Ss (C;) and K,Ss (C,),
respectively (see Table 2).

Reliable spectra of K,S; [97], BaS; [98], Na,Ss [99-101], Cs,S4 [101], Na,Ss
[99], szSs [101], Kst [97, 99], KzSG [97], Cst6 [101], as well as of (NH4)255
[96] have been published. Corset et al. studied the reactions of sodium sul-
fide and disulfide with elemental sulfur at high temperatures and identified
the solid phases a- and -Na,S,, a-, y-, and glassy Na,S,, as well as a-, -, y-
, 0-, and glassy Na,Ss by Raman spectroscopy [18].

For Raman spectra of hexa- [30, 40] and heptasulfides [46] with complex
univalent cations, see the original literature.

Several authors studied the changes in the Raman spectra of alkali poly-
sulfides on heating. Heating of pure Na,S, or mixtures of this salt with KSCN
to 300 °C produces the radical anions S;~ (detected by their resonance Ra-
man effect) [102]. The thermal behavior of the tetra-, penta-, and hexasul-
fides of Na, Rb, and Cs up to 400 °C were studied by Ziemann and Bues
[101] and the formation of S;~ radicals in the melt of Cs,S, (but not in the
case of Na,S4) was observed. Evidently S;~ results from the reactions accord-
ing to Egs. (5) and (8). Cs,Se turns black on melting, and the spectrum of
the rapidly quenched melt is different from the original hexasulfide which
has been interpreted in terms of a hexasulfide isomer with the structure
shown in Schemel.

wS—Sy, 12

S“/ \I'"S
S S

Scheme 1
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This black material changed back to the ordinary structure of Cs,S¢ on
annealing. The formation of the isomeric hexasulfide (analogous to the
structure of the isoelectronic dithionite anion) was explained by recombina-
tion of two trisulfide radical anions [101].

7
Reactions in Solution

Under special conditions the rapid protonation of aqueous polysulfide ions
by hydrochloric acid at temperatures of below 0 °C produces polysulfanes:

S2™ +2H" — H,S, (34)

However, some interconversion reactions take place simultaneously and
therefore the composition of the sulfane mixture is not a mirror image of
the composition of the polysulfide solution [103]. The sulfane mixture forms
a yellow oily hydrophobic liquid which precipitates from the aqueous phase.
At 20 °C it decomposes more or less rapidly to H,S and Ss.

Sulfite ions react with polysulfide ions at 50 °C in neutral solution to thio-
sulfate and monosulfide, e.g.:

$2 + 3HSO; — 35,02 +HS™ +2H" (35)

This reaction has also been used for the titrimetric determination of poly-
sulfides [10, 11].

In a similar fashion, cyanide ions desulfurize polysulfide ions at 100 °C to
the monosulfide level, e.g.:

$2” +3CN™ + H' — 3SCN™ +HS™ (36)

After acidification with H;PO; the extremely poisonous HCN and H,S
formed may be evaporated by refluxing under a fume hood; subsequently
the thiocyanate can be titrated [10, 11]. The degradation of the polysulfide
in the reactions at Egs. (35) and (36) results in discoloration of the solu-
tions.

Alkaline hydrogen peroxide oxidizes polysulfides to sulfate, e.g.:

$2” + 13H,0, + 60H™ — 480%™ + 16H,0 (37)

Titration of the unreacted hydroxide with standard sulfuric acid allows
the determination of the polysulfide [10, 11].

Aqueous polysulfide solutions are thermodynamically unstable with re-
spect to thiosulfate and sulfide. Therefore, on heating to 150-240 °C under
anaerobic conditions polysulfide ions disproportionate reversibly [72, 80,
104], e.g.:

$2” +30H" = $,02” +3HS~ (38)

This equilibrium can be approached from both sides. In other words,
thiosulfate and sulfide react at 240 °C to a solution containing polysulfide.
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Below 150 °C the forward reaction is very slow because of the high activation
energy. The color of a polysulfide solution at a pH around 7 changes on
heating from a deepening yellow through green to blue (formation of S;7,
see the following section). At temperatures above 200 °C the color starts to
fade with the solution becoming almost colorless at 240 °C due to the reac-
tion at Eq. (38). On lowering the temperature all of the above changes can
be observed in reverse order [72]. The reaction rates and activation energies
of the forward and reverse reactions have been determined under various
conditions [105, 106]. At temperatures above 250 °C thiosulfate also dispro-
portionates or hydrolyzes according to the Eq. (39) [107]:

$,02” + OH™ — SO} +HS™ (39)

Aqueous polysulfide S,? rapidly takes up molecular oxygen to produce
thiosulfate and, for chain-lengths n>2, elemental sulfur [6, 108]:

82" +3/20;, — $,05 +(n—2)/8Ss (40)

Since this is a spin-forbidden reaction it has been suspected that the reac-
tive species is a radical anion like S, or S5~ produced by homolytic dissoci-
ation of an appropriate polysulfide dianion; see Egs. (7) and (8) as well as
the following section. During the course of the reaction at Eq. (40) the origi-
nally yellow solution becomes colorless.

Very often inorganic polysulfides have been used to synthesize organic
polysulfanes by reaction with, for example, alkyl or aryl halides [109, 110],

e.g.
Na,S, +2RBr — RS, + 2NaBr (41)
Finally, it should be mentioned that polysulfides are formed on oxidation

of hydrogen sulfide ions in water, either electrochemically [111] or by oxida-
tion with molecular oxygen:

2HS™ —2e = S} +2H' (42)
2HS™ + 1/20;, — 83 +H,0 (43)

The latter reaction has been studied numerous times because of its rele-
vance for the autoxidation of hydrogen sulfide in seawater and other aque-
ous systems [112, 113]. Since the polysulfide ions can be further oxidized to
elemental sulfur which precipitates from the solution, these reactions are the
basis for several industrially important desulfurization processes (e.g., the
Stretford, Sulfolin, Lo-Cat, SulFerox, and Bio-SR processes) [114]:

2827 —2e — S~ (44)

S2” —2e— Sg (45)
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The latter reactions are catalyzed by a number of transition metal ions
which can exist in several oxidation states in aqueous solution, e.g., Fe**/3*
[28]:

S} 4 Fe’t — S, +Fe** (46)

The tetrasulfide radical anion will dimerize to Sg?>~ which equilibrates
with longer chains from which eventually Sg is formed by the back reaction
shown in Eq. (22).

8
Polysulfide Radical Anions

8.1
General

The chemistry of polysulfide radical anions S, ~ (n = 2-4) was reviewed by
Chivers [12] in 1977, including a historical discussion describing the diffi-
cult route to the final identification of these ubiquitous and highly colored
species. However, since that time considerable progress has been made. Only
the species S, 7, S37, and S¢~ have been experimentally characterized in de-
tail while the existence of S,~ has only been suspected. The nature of the
color centers in ultramarine-type solids (S, ~, S37) has been reviewed by Re-
inen and Lindner [115].

8.2
The Radicals S, and S3~

The yellow disulfide radical anion and the brilliant blue trisulfide radical an-
ion often occur together for what reason some authors of the older literature
(prior to 1975) got mixed up with their identification. Today, both species
are well known by their ESR, infrared, resonance Raman, UV-Vis, and pho-
toelectron spectra, some of which have been recorded both in solutions and
in solid matrices. In solution these radical species are formed by the ho-
molytic dissociation of polysulfide dianions according to Eqgs. (7) and (8).
Since these dissociation reactions are of course endothermic the radical for-
mation is promoted by heating as well as by dilution. Furthermore, solvents
of lower polarity than that of water also favor the homolytic dissociation.
However, in solutions at 20 °C the equilibria at Eqs. (7) and (8) are usually
on the left side (excepting extremely dilute systems) and only the very high
sensitivity of ESR, UV-Vis and resonance Raman spectroscopy made it pos-
sible to detect the radical anions in liquid and solid solutions; see above.

The addition of elemental sulfur to systems containing S, or S3™ results
in the formation of more sulfur-rich species [89]:

Sy 4 1/8Ss = S5 (47)
Sy 4 1/88s =S, (48)
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Therefore, on addition of sulfur the color of a solution of Na,S; in DMF
changes from originally yellow-green (S,™) via blue (S;7) to red (maybe
S47) [89]. The existence of S, is, however, still disputed (see below).

Heating of certain alkali halides with elemental sulfur also produces col-
ored materials containing the anions S,” or S;~ which replace the corre-
sponding halide ions. For example, NaCl and KI crystals when heated in the
presence of sulfur vapor incorporate di- and trisulfide monoanions [116-
119] which can be detected, inter alia, by resonance Raman spectroscopy
[120, 121]:

1/4Ss + 1" = S, +1/21, (49)
3/88 + 1" =8, +1/2], (50)

In a KI matrix the electronic absorption maximum of S, is observed at
400 nm, and the SS stretching vibration by a Raman line at 594 cm™.. S5~
shows a Raman line at 546 cm™' and an infrared absorption at 585 cm™
which were assigned to the symmetric and antisymmetric stretching vibra-
tions, respectively. The bromides and iodides of Na, K, and Rb have also
been used to trap S, but the wavenumbers of the SS stretching vibration
differ by as much as 18 cm™! from the value in KI. The anion S;~ has been
trapped in the chlorides, bromides and iodides of Na, K, and Rb [120].
While the disulfide monoanion usually occupies a single anion vacancy
[116, 122], the trisulfide radical anion prefers a trivacancy (one cation and
two halide anions missing) [119].

With the same technique S;™ has been detected in the mineral ultrama-
rine (lapislazuli) [120]. Lapislazuli is one of the oldest precious stones which
was already in use in the Sumerian civilization about 5500 years ago. The
underlying pigment ultramarine contains the color centers S, and S5 in-
corporated into the cages of the mineral sodalite Nag[AlsSicO,4]Cl,, an alu-
minosilicate which belongs to the class of zeolites. The colorless sodalite
turns more or less blue if the radical anions S, (yellow) and S;™ (blue) sub-
stitute the chloride anions (as well as a sodium cation) partly or completely,
a typical composition being Nago[Als ¢Sis40,4]S,0. Depending on the con-
centration ratio between the two radical anions the material will be either
violet-blue (high ratio S;7:S, ™), steel-blue or green (low ratio) [86, 115]. The
concentration of S;~ in commercial blue ultramarine pigments has been de-
termined by quantitative ESR spectrometry. Only one out of two 3 cages of
the sodalite structure were occupied by S;~ ions (maximum of 54x10'° spins
per gram). These ions are coordinated by four sodium cations. In addition,
S, ions were detected [123].

In certain pink and red colored ultramarine varieties an additional red
colored species absorbing at A,,,,=520 nm has been detected but its identity
has been disputed; it may be the radical anion S, or the neutral molecule
Ss [86, 124-126]. In fact, the cis-planar isomer of the latter absorbs at
Amax=520 nm in the gas phase and one of its fundamental vibrations
(678 cm™!) [127] matches exactly a resonance Raman line of the red chro-
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mophore in pink ultramarine. Thus, the assignment to the C,, isomer of S,
seems justified.

Nowadays, ultramarine-type pigments are produced synthetically. Inside
the zeolite structure the highly reactive sulfur radical anions are well pro-
tected which explains the stability of the blue color over thousands of years
in air. However, the species responsible for the blue color should not be con-
fused with the sulfur radical cations responsible for the blue color of sulfur
solutions in fuming sulfuric acid (oleum) and similar oxidizing mixtures
[128] or with the blue anion S4N~ (11.x=580 nm) which is also present in
solutions of sulfur in liquid ammonia in addition to the radical anion S;~
[129]. S4N is a planar chain-like anion of connectivity SSNSS [130].

The wavenumbers of the stretching vibrations of the radical anions S,~
and S; 7 are higher than those of the corresponding dianions (see above) but
lower than those of the corresponding neutral molecules. Since there is a
systematic relationship between the bond distances and the bond stretching
force constants as well as the wavenumbers of polysulfur compounds [131]
it can be concluded that the bond lengths in the monoanions are between
those of the dianions and the neutrals; the same holds for the bond
strengths. In both anions the unpaired electron occupies an antibonding
molecular orbital.

The blue color of S;~ has been observed in numerous experiments. For
example, a brilliant blue color occurs if a potassium thiocyanate melt is
heated to temperatures above 300 °C [132] or if eutectic melts of LiCl-KCl
(containing some sulfide) are in contact with elemental sulfur [132, 133], if
aqueous sodium tetrasulfide is heated to temperatures above 100 °C [134], if
alkali polysulfides are dissolved in boiling ethanol or in polar aprotic sol-
vents (see above), or if borate glasses are doped with elemental sulfur [132].
In most of these cases mixtures of much S;~ and little S, will have been
present demonstrating the ubiquitous nature of these radicals [12].

The photoelectron spectrum of gaseous S, has been measured and ana-
lyzed; it provided the value of the ionization energy of this ion as 1.67 eV
[135].

8.3
The Radical S~

The red tetrasulfide radical anion S;~ has been proposed as a constituent of
sulfur-doped alkali halides, of alkali polysulfide solutions in DMF [84, 86],
HMPA [89] and acetone [136] and as a product of the electrochemical reduc-
tion of Sg in DMSO or DMF [12]. However, in all these cases no convincing
proof for the molecular composition of the species observed by either ESR,
Raman, infrared or UV-Vis spectroscopy has been provided. The problem is
that the red species is formed only in sulfur-rich solutions where long-chain
polysulfide dianions are present also and these are of orange to red color,
too (for a description of this dilemma, see [89]). Furthermore, the presence
of the orange radical anion S¢~ (see below) cannot be excluded in such sys-
tems.
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More recently, S4~ may have been identified by ESR spectroscopy of solu-
tions of Li,S, (n>6) in DMF at 303 K. The lithium polysulfide was prepared
from the elements in liquid ammonia. These polysulfide solutions also con-
tain the trisulfide radical anion (g=2.0290) but at high sulfur contents a sec-
ond radical at g=2.031 (Lorentzian lineshape) was formed which was as-
sumed to be S;~ generated by dissociation of octasulfide dianions; see
Eq. (32) [137].

The more reasonable formation of the tetrasulfide radical by the reaction
shown in Eq. (51)

=SSy (51)

was not considered by the authors despite the presence of both radicals in
the same solution. Most authors discussing the solutions of polysulfide dian-
ions in aprotic solvents assumed the presence of tri-, tetra-, hexa-, and octa-
sulfide ions but usually ignored the equally likely existence of penta- and
heptasulfide anions in these systems; see Egs. (5)-(8) and (51).

8.4
The Radical S~

This species has been isolated as the tetraphenylphosphonium salt (Ph,P)Ss
which is produced in the following complex reaction at 20 °C [138]:

2PhyPN; + 20Me;SiN; + 22H,S — 2PhyPS, + 10(Me;Si),S+ 11NH,N; + 11N,
(52)

Ph,PSs forms orange needle-like air-sensitive crystals which were charac-
terized by X-ray diffraction. The anions are cyclic and adopt a chair-confor-
mation of C,, symmetry. These rings can be considered to be composed of
two S; units connected by two extremely long bonds of 263 pm. The ESR
spectrum of PhyPS¢ at 115 K (g: 2.056/2.036/2.003) is different from those of
S, and S5 and it is possible that the S¢~ radical is identical to the species
which many authors have taken for S, (see above).

8.5
Calculated Structures

The electronic structure and the UV-Vis spectrum of S;~ have been studied
by high-level ab initio MO calculations [139].

The molecular structures of the isolated polysulfide monoanions S, ~ with
n=2-9 have been studied by density functional calculations and those of the
smaller ions also by ab initio MO calculations. Compared to the neutral S,
molecules the extra electron occupies an antibonding orbital resulting in
longer SS bonds. The species S;~ is bent and of C,, symmetry (a=115°)
[140, 141]. S4~ was calculated to be a planar ion of C,, symmetry (similar to
the neutral molecule S4) but the planar Cyj, structure is only slightly less sta-
ble [140, 141]. The most stable isomer of S5~ is a chain of C; symmetry sim-
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ilar to the anion structure in Na,Ss (torsion angle motif +-a). However, S5~
chains of C; and C, symmetry are by less than 10 k] mol™! less stable than
the global minimum [140, 141]. In the case of S¢~ a chain-like isomer of C,
symmetry is the global minimum but a ring of the same symmetry (chair
conformation) is by only 2 k] mol™! less stable [138, 141]. The S;~ anion also
exists as many local minima on the potential energy hypersurface. Most sta-
ble is a chair-like ring as in the case of neutral S; molecules but with one ex-
tremely long bond of 289 pm. The global minimum isomer of Sg™ has a ge-
ometry which is a distortion of the crown-shaped Sg molecule. On addition
of the extra electron two bonds on opposite sides of the ring increase in
length resulting in a lowering of the molecular symmetry from Dyq to D,.
The anion Sy~ also forms chain-like and cyclic isomers; most stable is a
chain of C; symmetry [141].

By mass spectrometry sulfur radical anions with up to 25 atoms have
been detected and there is photoelectron spectroscopic evidence for chain-
like as well as cyclic isomers of S¢~ and S; ™ [141].
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Abstract Main group and transition metals form complexes with polysulfido ligands of a re-
markable structural variety and complexity. These compounds are of high scientific interest
but in addition have the potential for serving as catalysts in important industrial processes.
The size of the polysulfido ligands can vary between S,>~ and Sy>” and the complexes may
be mononuclear, polynuclear or even cluster-like. The type of compound formed depends
not only on the metal and its oxidation number but to a large extent also on the other lig-
ands present and in particular on their bulkiness. This review describes the progress made
in the area of polysulfido complexes with regard of their synthesis, structures and reac-
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Introduction

Metal polysulfido complexes have attracted much interest not only from the
viewpoint of fundamental chemistry but also because of their potential for
applications. Various types of metal polysulfido complexes have been re-
ported as shown in Fig. 1. The diversity of the structures results from the
nature of sulfur atoms which can adopt a variety of coordination environ-
ments (mainly two- and three-coordination) and form catenated structures
with various chain lengths. On the other hand, transition metal polysulfides
have attracted interest as catalysts and intermediates in enzymatic processes
and in catalytic reactions of industrial importance such as the desulfuriza-
tion of oil and coal. In addition, there has been much interest in the use of
metal polysulfido complexes as precursors for metal-sulfur clusters. The
chemistry of metal polysulfido complexes has been studied extensively, and
many reviews have been published [1-10].
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Fig. 1 Important structure types of polysulfido complexes
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In this review, we describe the topics reported during the last ten years
for the synthesis, structure, and reactivity of polysulfido complexes of main
group and transition metals.

2
Synthesis

Metal-polysulfido complexes have been synthesized by a variety of methods
using various reagents as sulfur sources, e.g., Sg, M,S, (M=alkali metal),
P,Ss, H,S, organic polysulfanes, etc. The nature of the resulting polysulfido
complexes often depends on the reaction conditions such as the ratio of
starting materials, solvents, reaction temperature, and reaction time. In ad-
dition, the use of different ligands leads to the different results in most cases.
This section shows typical synthetic methods for metal-polysulfido com-
plexes based on recent reports on their syntheses.

2.1
Reaction of Low-Valent Metal Compounds with Elemental Sulfur
or Other Sulfur Sources

The tetrasulfides R'R*MS, with M=Si, Ge, Sn, or Pb bearing bulky sub-
stituents on the group 14 element were synthesized by the reaction of the
corresponding divalent species R'R?M, which are heavier analogues of the
carbenes, with elemental sulfur (see Scheme 1) [11-20]. The divalent species

Tbt, Br  Li*[CioHsl* R' = Tbt, RZ = Mes, M = Si; B 94%
M EE— R! = Tbt, RZ = Tip, M = Si; A 28%
RZ" Br A R! = Tbt, RZ = Tip, M = Ge; A 68%; C 25%
R' = Tbt, RZ = Dis, M = Ge; A 53%
Tht bt . ; ;
Siesl a ANy S BNS°S  R'=Tot R?=Tip, M=Sn; A89%; C50%
Med  Mes B R27 R2” 'g-S  R!=Tbt R?=Tip, M= Pb; A 64%; C 68%
R R' = Tbt, R? = Dis, M = Pb; A 40%; C 17%
| % 2 _ . . o . 0y
R' = Tbt, R? = Ttm, M = Pb; A 65%; C 52%
Gelg, SnClz, 0f 2y B2, ; o B
Pb[N(SiMes)ala )f R' = Tip, R? = Tip, M = Pb; C 20%
Tip, /S\ ip
R Tht: R = CH(SiMes)s PB_PB
R Mes:R=Me Tip© 8 Tip
Tip: R = CHMe; = T
R Tim: R = CH,SiMe 'P\Pb,S\Pb/ p
o . Ti Y I3 ‘T.
Dis = CH{SiMeg)2 ip g—g Tip

Scheme 1 Synthesis of group 14 elements polysulfido complexes from divalent com-
pounds bearing bulky substituents

R'R®*M were prepared by reduction of the dibromides R'R*MBr, with lithi-
um naphthalenide (method A), by thermolysis of a disilene (method B), and
the ligand exchange of divalent group 14 element species (method C). In all
cases except for the synthesis of Tip,PbS,, exclusively tetrasulfides R'R*MS,
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were isolated as stable compounds. It is assumed that the tetrasulfides are
thermodynamically controlled products in these cases. The reaction of
Tip,Pb with elemental sulfur gave Tip,PbS, together with two byproducts,
i.e., dithiadiplumbetane (Tip,Pb),(u-S), (13%) and trithiadiplumbolane
(Tip2Pb),(u-S)(1-Sz) (14%). On the other hand, Steudel et al. have reported
that diphenyltetrathiametallolanes Ph,MS, (M=Si, Ge) are stable only below
—20 °C [21, 22]. These results strongly suggest that the extremely bulky Tbt
group contributes to the stabilization of the tetrathiametallolane rings.

Reactions of stannylenes Sn[N(SiMe;),][(NCy),CR] (R=Me, t-Bu) stabi-
lized by bulky trialkyl amidinates with elemental sulfur proceeded efficiently
to afford the corresponding tetrathiastannolane Sn[N(SiMe;),][(NCy),CR]S4
[23]. This is in sharp contrast to the reaction of M[N(SiMe;),], (M=Ge, Sn)
with elemental sulfur giving the bridged dimer [M{N(SiMe;),},S], [24, 25]
(Scheme 2).

R Cy R Cy
WFN WFN s Cy = cyclohexyl
N\ 1/2 Sg N\ Ss
oy Sn —_— Cy /S”«S/é R = Me; 66%
Me3Si—N\ Me3Si—N\ R = tBu; 68%
SiMeg SiMeg

Scheme 2 Synthesis of five-coordinated tin tetrasulfido complexes from N-coordinated
divalent tin compounds

A variety of polysulfido complexes of transition metals has also been syn-
thesized by the reactions of low-valent metal complexes with elemental sul-
fur.

Tatsumi et al. reported that the oxidative addition of cyclooctasulfur
to rhodium(I) complexes having P-N hybrid ligands, RhCl(edpp),
and RhCl(edmp), (edpp=(2-aminoethyl)diphenylphosphine, edmp=(2-
aminoethyl)dimethylphosphine), yielded the corresponding tetra- and pen-
tasulfido complexes, RhCIS,(edpp), (=4, 5) and RhCIS,(edmp), (n=4, 5),
respectively (Scheme 3) [26]. The coordination geometries of these complex-
es were different from each other: RhCIS,(edpp), and RhCIS,(edmp), have
trans(BN) and trans(N,N’) geometries, respectively. The structural differ-
ences in these complexes are most likely due to the different steric conges-
tion between the ligands and the relative lability of the coordinated amino
donor group between the edmp and edpp ligands. It is noteworthy that the
rhodium(I) complexes having bisphosphine ligands, (Ph,PCH,), and
(Me,PCH,);, [27], a bisarsine ligand [(Ph,AsCH),] [28], and a trisphosphine
ligand [PhP[(CH,)3;PPh,], [29] react with elemental sulfur to afford the cor-
responding 1?-S, complexes [Rh(17’-S,)L,]*, whereas the oxidative addition
of Sg to RhCp(PPhs), results in the formation of the corresponding tetra-,
penta-, and hexasulfido complexes RhCp(S,)(PPh;) (n=4-6) [30].
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+
PP
2
edpp (4 eq) Sg (18 eq) NaClO, N,,,,_th.»NHz
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Ph2 s )
~Sy
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edmp = HoN(CHz)oPMez n =2 and 3; 2:1 mixture; 40%

Scheme 3 Synthesis of rhodium polysulfido complexes from [RhCl(cod),]

In contrast to the oxidative addition of elemental sulfur to Ir(I) and Rh(I)
complexes giving the corresponding polysulfido complexes, the reaction of
Co(I) complexes bearing dmpe or dmpp ligands with elemental sulfur gave
no identifiable products [31, 32]. The treatment of a Co(II) complex,
[Co(dmpe),](BF,),, with elemental sulfur resulted in the formation of the
$,0 complex of Cobalt(IIl), [{Co(dmpe),}S,0]*, together with the S,PMe,
complex, [{Co(dmpe)}(S,PMe;),]* [31]. This result suggests the ready air ox-
idation of the disulfur fragment coordinated to the Co(III) center and a fa-
cile P-C(bridge) bond cleavage of dmpe. The reaction of [Co(dmpp),](BF,),
with elemental sulfur also affords the corresponding S,0 complex
[{Co(dmpp),}S,0]* [32] (Scheme 4).

" Me,P *
F|’Me2 °2 \? Me,
Sg(8eqasS) MeosP.... | \PMe Su, 1 WP
[Codmpe)sl(BFg)y —0n " 2 oy 2 + col, j
g7 g S | P
14a s | \ s Me,
O Me,P MeoP
dmpe = MeoP(CHg)2PMe; 20% 25%
+
F PMe,
Sg(8egasS) NaPFg MesP.,.,. | .«RMe,

[Co(dmpp)2](BF 4)2 " Co, PFs™
ST—s
s
o Me2P
dmpp = MeoP(CHy)3sPMes 10%

Scheme 4 Synthesis of cobalt S,0 complexes from monovalent cobalt complexes
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Scheme 5 Synthesis of titanium polysulfido complexes from TiCp,(CO),

Titanocene dicarbonyl, TiCp,(CO),, is also a good precursor for polysulfi-
do complexes of titanium. The S-S bonds of cyclooctasulfur (Sg) do not react
with TiCp,(CO), at room temperature, but refluxing in hexane for several
days resulted in the pentasulfido complex, TiCp,Ss [33]. Steudel et al. [34]
reported that the reactions of TiCp,(CO), with cyclohexasulfur (S¢) and cy-
cloheptasulfur (S;) in hexane at 20 °C yield precipitates consisting of several
TiCp,S, molecules (n=5, 7, and 8 in both cases). Recrystallization of the
mixture from CS, gave almost pure TiCp,Sg as a dark-red solid. The oxida-
tive addition of other sulfur sources such as 1,2,3-trithiolane and hexathie-
pane to TiCp,(CO), resulted in the formation of the expected titanium poly-
sulfido complexes, TiCp,(C;H0S3) and TiCp,(CeH10Se), respectively [34]. A
grass-green solution of TiCp,(CsH;0Ss) decomposed with the formation of
the thermodynamically stable compounds, TiCp,(C¢H10S4) and TiCp,Ss. This
result suggests that TiCp,(CsH10Se) having six sulfur atoms is a kinetically
controlled product. In addition, TiCp,(CO), reacted with S;NR (R=H, Me)
to afford TiCp,(S;NR) ( R=H, Me) via the insertion of the Ti atom to the S-S
bond [35]. Interestingly, the structure characterized by X-ray structural
analysis is TiCp,(u-S;)(u-Ss)NH in the case of R=H while in the case of



Polysulfido Complexes of Main Group and Transition Metals 159

R=Me the connectivity is TiCp,(u-S3)(u-Ss)NMe. This different behavior be-
tween the S;NH and S;NMe systems cannot be attributed to either recogniz-
able steric or electronic reasons. By contrast, the reaction with RN(u-S,),NR
(R=Me, n-Oct) in hexane at 20 °C gave not the expected seven-membered
ring compound but a six-membered metallacycle, TiCp,(u-S;)NR [36]
(Scheme 5).

Very recently, the first disulfur complexes of a tetracoordinated transition
metal PtS,[P(Ar)Me;], (Ar=Tbt, Bbt) were synthesized by the reaction of ze-
rovalent platinum complexes Pt[P(Ar)Me,],, generated by treatment of the
dichloride complexes PtCl,[P(Ar)Me,], with lithium naphthalenide, with el-
emental sulfur (Scheme 6) [37]. Since the use of excess elemental sulfur also

Li*[C1oHg] * Sg Ar(Me)P S L. _ o
trans-[PtClo{P(Ar)Mez}s] LMCroHel" [PHP(ANMeg)y] ——2 - P ﬁ: = gtl;i, gg éc
r = Tht, Bbt Ar(Me)P" S ) OV

Tht: R=H
Bbt: R = SiMe3

Scheme 6 Synthesis of platinum disulfido complexes from zerovalent platinum complex-
es

resulted in the formation of the disulfur complexes PtS,[P(Ar)Me;], as the
main products they are considered to be thermodynamically controlled
products.

By contrast, Pt(PPh;), reacted with elemental sulfur to give the corre-
sponding tetrasulfido complexes, PtS4(PPh;),, together with oligomers of
PtS(PPhs;), units (Scheme 7) [38, 39]. In addition, the reaction of Pt(dppe),

Sg(neq)  PhgP S~ Ph P
PUPPh)s ——m P &+ [PIS(PPha)ln P P 5
Phap” 55 [ S, P S
n=1 0% 65% P M-
n=4 30% 60% Ph b PhPh
n=6.3 40% 2-10%

Scheme 7 Synthesis of platinum tetrasulfido complexes from zerovalent platinum com-
plexes

[dppe=1,2-bis(diphenylphosphino)ethane] with elemental sulfur gave the
corresponding tetrasulfido complex, PtS4(dppe), (Scheme 7) [38]. The dif-
ferences in the lengths of the sulfur chain may be interpreted in terms of the
different bulkiness of the ligands leading to a change in the thermodynamic
stabilities of the platinum-containing cyclic polysulfides.
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Some disulfide-bridged diruthenium complexes have been synthesized by
the reaction of Ru(II) or Ru(III) complexes with elemental sulfur. The binu-
clear Ru(III) complexes Ru,(1°-RCsMe,),Cly (R=Me, Et) readily react with Sg
to afford the disulfido complexes Ru,(1°-RCsMe,),CL,S, bearing two non-
equivalent ruthenium(IV) atoms in good yields, while the reaction of the
Ru(II) complex RuysCp*4Cly with excess of Sg results in the efficient forma-
tion of the diruthenium complex Ru,Cp*,Cl,S; which has two equivalent ru-
thenium(IV) atoms (Scheme 8) [40]. In addition, the reaction of a binuclear

Sv. 9
(PRCMegoRuCl, —2 oo cd®S) g @ Al SR R o Me e
n°- e4)oRU —Ru u N
i 5VI€4)2NU2LIg I, toluene "—:\CI’;" R=Et;71%
Sg (excess Cp* = n°-CsMe
CprRuCly  —os(exeess) -, ST
THF, reflux 33; 68%
Cp* Cp*
“Ru__Ru” Ss Cp* \R/ |\q -CP" R =tBu; 92%
< _— W\ .
S8 solvent, r.t. S /f R =/-Pr; 21%
R R R = t-Bu: n = 8; solvent = ether R R
R = i-Pr: n = 2; solvent = toluene
Cl (MeO)gP, g_g P(OMe)s
(MeO)3P~.,_R| .P(OMe)3 Sg (excess) (MeO)zP~/~ "\ 7,P(OMe); 5%
(MeO)P™ | ~P(OMe) CHyCly, 1t AP ’
o ° e o ¢ ¢

Scheme 8 Synthesis of ruthenium polysulfido complexes from low-valent ruthenium
complexes

Ru(II) complex (RuCp*),(u-SR), and a mononuclear Ru(II) complex RuCl,
{P(OMe);}4 with Sg results in the formation of the corresponding disulfide-
bridged binuclear ruthenium(III) complexes (RuCp*),(u-S;)(u-SR), and
{RuCl[P(OMe);],}(1-Cl),(u-S,), respectively [41-43].

The use of N-alkylimidazoles as a solvent promotes the reaction of
Fe(CO)s with Sg [44]. The reaction in N-methylimidazole (N-Melm) using
0.5 molar amounts of Sg gives the mixed-valence salt [Fe(N-Melm)g][Fe,S;2],
while an equimolar amount of Sg resulted in the formation of the octasulfide
[Fe(N-Melm)g]Ss. The reaction in 1,2-dimethylimidazole (1,2-Me,Im) led to
[Fe(1,2-Me,Im)s][Fe,S1,] even in the presence of excess sulfur, probably be-
cause the coordinating power of 1,2-Me,Im is lower than that of N-MeIm
due to its steric hindrance (Scheme 9).
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Scheme 9 Synthesis of iron polysulfido complexes from Fe(CO)s

2.2
Reaction of Metals with Elemental Sulfur in Donor Solvents

Some compounds with network structures are synthesized by high-tempera-
ture reactions of metals with elemental sulfur [2, 8]. Rauchfuss et al. exploit-
ed the low-temperature synthesis of metal polysulfides by the reaction of
metals with elemental sulfur in strong donor solvents. The reaction of cop-
per powder with Sg in pyridine gives a copper polysulfide cluster Cuy(Ss),(-
pY)s as orange crystals (Scheme 10) [45]. Furthermore, zinc powder reacts

/ S
S /\ Py
s\/
Py~ \\///'Cu
cu Sg-(8.eq as S) Clu S éu:\,Py 10-15%
pyridine, 25 °C STCU,\/ o
g /s
\

Sg (excess)
Zn - > ZnSg(N-Melm), 50-60%
N-Melm

Scheme 10 Synthesis of copper and zinc polysulfido complexes by the reaction of a met-
al with Sg in donor solvents

with Sg in N-Melm, tetramethylethylenediamine (TMEDA), 4-(N,N-dimethy-
lamino)pyridine (DMAP), or pyridine to give the corresponding hexasulfido
complexes, ZnSs(N-donor) [46, 47]. It has been revealed that the order of the
relative stability (DMAP>N-MeIlm>TMEDA>pyridine) is consistent with
that of the basicity of the N-donor ligands.

The above-mentioned method is useful but metals that form strong M-S
bonds (e.g., Hg, Ag, Sn) do not dissolve in N-Melm solutions of sulfur. This
problem has been solved by the addition of Mg to the reaction mixture. Met-
al polysulfides having a variety of metals can be synthesized by the N-MeIm/
M+Mg/Sg method (Scheme 11) [48]. For example, a mixture of Mg, Sb pow-
der (1 eq.), S (15 eq. as S) and N-Melm is heated at 80 °C for 48 h to afford
the orange powder of [Mg(N-Melm)g]Sb,Sy ( x; ~15) in 88% yield. Rauchfuss
et al. proposed the mechanism of these reactions as follows. First, the reduc-
tion of Sg with Mg occurs to give the [Mg(N-Melm)s] salt of Sg?~, which is
probably in equilibrium with Ss, S¢*~, S;~ and other species. Independently,
the sulfuration of the thiophilic metal takes place. Next, the polysulfide an-
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[Mg(N-Melm)g][Ag2S+2] [Mg(N-Melm)s][Au2Se]

M= Ag M= Au

[Mg(N-Melm)g][SboSy] M= Sb Mg + M + Sg in N-Melm

(x=~15)
A/M=Sn lM=|n M=%

[Mg(N-Melm)g][SnS14]

[Mg(N-Melm)g][CdS 1]

[Mg(N-Melm)g][HgSe]
[Mg(N-Melm)g][InSg(N-Melm)]

Scheme 11 Synthesis of metal polysulfido complexes by reaction of a metal with Sg in
the presence of magnesium

ions attack the polymeric metal sulfide leading to the final product
(Scheme 11).

Kolis et al. reported the synthesis of some metal sulfide salts of homolep-
tic lanthanide ammine complexes using supercritical ammonia as a reaction
medium (Scheme 12) [49]. They proposed that these reactions proceed via a

Ln=Yb, M=Cu (Ln:M:S =1:1:4)
supercritical ammonia, 3500 psi, 170 °C

Ln=Yb, M= Ag (Ln:M:S =1:1:4)

[Yb(NH3)gl[Cu(S4)2]'NHz  31%

Ln + Sg + M Yb(NH3)g][Ag(S4)2]-2NHs  25%
8 supercritical ammonia, 3500 psi, 170 °C [Yb(NHa)sl[AG(Sa)2] s
Ln=La,M=Cu (Ln:M:S =1:1:8)
La(NH. Cu(S %
supercritical ammonia, 3500 psi, 170 °C [La(NHg)gl[Cu(Sa)2] 68%
M
4ln + Sg 4Ln®* + 65,2 —  LnMS;

Scheme 12 Synthesis of metal polysulfido complexes using supercritical ammonia as a
solvent

reduction of elemental sulfur by lanthanide metals in supercritical ammonia
followed by the reaction of the resulting polysulfide anions with metal pow-
der.

23
Oxidation of Ligands on the Metal by Elemental Sulfur

Certain dihydrides of main-group and transition metals are good precursors
for metal polysulfides. The reactions of the dihydrides with Sg proceed with-
out a change in the oxidation state of the metals.

Dihydrides of heavier group 14 elements bearing bulky substituents such
as Tbt(Ar)MH, react with elemental sulfur to give the corresponding tetra-
sulfides Tbt(Ar)MS, (Scheme 13) [50-52]. Sulfuration of germanium dihy-
dride bearing a Dmp group give the corresponding tetra- and hexasulfides,
Dmp(Ar)GeSy (x=4, 6). The selectivity on the formation of the hexasulfide
Dmp(Ar)GeSg is higher in the reaction of Dmp(Ar)GeH, having a less bulky
Ar group [53].
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M = Si, Ar = Mes; 7%

R
M = Ge, Ar = Mes; 57%
Tbt\MH Sg (excess) Tbt\M’S‘§ M = Ge, Ar = Tip: 65% o
o2 _aq o a8 M = Ge, Ar = Dep; 60%
Ar m - g‘é;z?go S;C Ar S M = Sn, Ar = Mes; 92% R
M = Sn: THF, reflux M = 8Sn, Ar = Tip; 61%
s Tbt: R = R' = CH(SiMeg),
Dm Dmp_ S< Dmp_ S™°~ Mes: R = R' = Me
Paek, s oo Gé z * Ge 2 o BrGH R = H
Af 160-170 °C g 2 ep: R = CHyCHg, R' =
Ar S AT S-g Dmp: R = Mes, R'=H
Ar=Mes 26% 24%
Ar = Dep 47% 16%
Ar =Tip 44% 16%

Scheme 13 Synthesis of group 14 element polysulfido complexes from the corresponding
metal dihydrides

The reaction of dihydrostibine TbtSbH, with Sg at room temperature re-
sulted in the formation of mono- and dinuclear polysulfides (Scheme 14)
[54]. On the other hand, the dropwise addition of a THF solution of TbtSbH,
to a suspension of excess of Sg in THF at —30 °C led to quite a different re-

S-s Thbt._, .S, -Tbt
Sg(8eqasS) S-S S 5 S .S
TotsbH, 28428 o s ¢+ tyen S s+ Totsgsp-Tot o SpTSb
THF, rt g erse o d 5 d S8
o 578 S-g” s
15% 3% 15% 31%

Scheme 14 Synthesis of antimony polysulfido complexes from the corresponding anti-
mony dihydride

sult, i.e., the formation of the mononuclear polysulfides TbtSbSs (49%) and
TbtSbS; (12%) together with trace amounts of dinuclear polysulfides. The
dinuclear polysulfides Tbt,Sb,S, (x=3, 4) originate from the reaction of ini-
tially formed TbtSbSs and TbtSbS; with TbtSbH,.

Wachter et al. reported the synthesis of polysulfido complexes of group 5
metals by the reaction of the corresponding trihydrides with elemental sul-
fur (Scheme 15). The reaction of Cp/,NbH; with Sg gives the dinuclear poly-

_S. S. M = Nb M=Ta
) § s 8 . Sg(5eqasS) CoWMH Sg (excess) o' Ta/H—S
Cp 2N/b\ /’\\‘bsz toluene, 20 °C P2t toluene, 25 °C P2 \S/
sS S-s —HgS Cp' = +Bun>-CsH, -HoS
80% 46%

Scheme 15 Synthesis of group 5 metal polysulfido complexes from the metal trihydrido
complexes
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sulfido complex (Cp'NbS,),Ss [55] while the use of Cp’,TaH; results in the
formation of mononuclear complex Cp’,TaS,H [56]. The authors proposed
the mechanism for the formation of the dinuclear complex (Cp'NbS,),Ss via
a mononuclear disulfido complex Cp’,NbS,H.

Ruthenium pentasulfides RuS;[P(OR);]; have also been synthesized by
the reactions of the corresponding dihydride RuH,[P(OR);]; with Sg
(Scheme 16) [57].

T’(OR)a
Sg (8eqas ) RO)sP... | wS—S = Me; 69%
RuH,[P(OR)als (RO)s ST R=Me 69
benzene, r.t., 2 d (RO)sP” | >8—S R = Et; 73%
S

Scheme 16 Synthesis of a ruthenium polysulfido complex from the corresponding ruthe-
nium dihydrido complex

A dimethyltitanium complex bearing phosphinimide ligands
TiMe,[N=P(#-Bu);], reacts with Sg to give the titanium pentasulfido complex
TiSs[N=P(t-Bu);], (Scheme 17) [58]. This result is in a sharp contrast to the

f-BUgP\\N M f-BUsp\\N

. .wMe N S

Tl _ Se(excess) Ti—Sg s 85%
N Me toluene, r.t. N g7

+-BugP . f-BUaP/

Scheme 17 Synthesis of a titanium pentasulfide from the dimethyl titanium complex

fact that the insertion of sulfur atoms into the M-C bond takes place in the
reaction of M[C¢H4(OMe)],(¢t-Bu-1°-CsHy), (M=Ti, Zr) [59] or GaR; (R=Me,
Et) with Sg (Scheme 19) [60] (see the next section) .

Disulfido complexes of group 5 metals (V and Nb) have been synthesized
by the reaction of the corresponding metal complexes bearing PhS™ ligands
with elemental sulfur accompanied with the formation of PhSSPh
(Scheme 18). A mixture of VCl;, LiSPh, Et,Cl, and Sg in CH3CN reacts at
room temperature to give [VS,(S;)(SPh)]?~ in good yield together with
PhSSPh [61]. The replacement of LiSPh by NaSPh in this reaction lowered
the yield of [VS,(S;)(SPh)]*~ to 30-40% [62]. Similarly to these reactions,
niobium disulfido complexes [NbO(S,),(SPh)]?>~ have been synthesized by
the reaction of [NbO(SPh),]” with Sg in the presence of Ph,PCl and NaSPh
[63]. The use of Et4N salts instead of PhyN salts also give the corresponding
[EtyN],[NDbO(S;),(SPh)] in 80% yield.
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[Me3NBz]CI
VCl; + LiSPh (7 eq) + Et4NCI (2eq) + Sg(3eqasS)
CHscN, r.t.
|SPh —PhSSPh
S
[Me3sNBz], S\\\,& 70%
S S
Ph4P][NbO(SPh Sg (8 S PhysPCI (1 NaSPh (1
[Ph4P][NbO(SPh)4] + Sg (8 eqasS) + PhyPCI (1 eq) + NaSPh (1 eq) CHACN, 1.

—2 PhSSPh, -NaCl
0
PhyP PhS\Né/ S
[PhyPl> S</\s/ 84%

Scheme 18 Synthesis of group 5 metal disulfido complexes from the metal thiolato com-
plexes

24
Insertion of Sulfur Atoms into M-C or M-M Bonds

Some metal polysulfido complexes are synthesized by insertion of sulfur
into the M-C or M-M bond. The reaction of GaEt; with 3 equivalents of sul-
fur in the form of Sg at —78 °C results in the formation of Ga(S,Et); in good
yield, while the reaction using 9 equivalents of sulfur at room temperature
gives Ga(S;Et); as the main product together with small amounts of Ga
(S,Et); (Scheme 19) [60]. The reaction with 12 equivalents of sulfur also af-

Sg(83eqgasS)

—————————— Ga(SSEt); 86% from Sg
Sg(6eqasS) toluene, -78°C, 7 d
Ga(SSMe)s GaRg
759, toluene, 90 °C, 8 h R=Et| gy(9eqass)
o R - Me overs L 5~ GalSSENs + Ga(SSSEN;
R=tBu I ~4.5% 81%
t-Bi
.S/ u S/t-Bu II-BU
tBu, ,S. ,tBu y 5 4 tBu, S, ,tBu
o Iy o e <
t-Bu IS tBu +BU” 'S ‘tBu t-Bu ]S tBu
[-BU/S tBu t-Bu
Co* Co* Cp*\Ir Ir/Cp*
p\lr\\_//lr/ P Sg (9 eq) |\s_ €/|
{ s FPr iFPr g Cp* =n°-CsMes
i—Pr/S S\i-Pr toluene, r.t., 12 h s S

§-S-s

Scheme 19 Synthesis by the insertion reaction of sulfur atoms into the M-C and M-M
bond
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fords Ga(S;Et)s. Therefore, it is assumed that three sulfur atoms are the max-
imum extent of the sulfur insertion into the Ga-C bonds. Monitoring of
these reactions by '"H NMR spectroscopy indicated that Ga(S;Et); is the ki-
netic product, and Ga(S;Et); is formed by the elimination of the sulfur
atoms from the initially formed Ga(S;Et);. The reactions of GaMe; with vari-
ous amounts (3-9 eq) of sulfur in toluene at 90 °C yielded only Ga(S,Me)s.
On the other hand, Ga(t-Bu); undergoes the insertion of sulfur atoms into
only one Ga-C bond to afford [(#-Bu),Ga(u-SSt-Bu)],, [(#-Bu),Ga(u-St-
Bu)(u-SSt-Bu)Ga(t-Bu),], and trace amounts of [(#-Bu),Ga(u-St-Bu)], [64].
These results are to be compared with the reaction of the dimethyltitanium
complex TiMe,[N=P(¢-Bu);], with Sg proceeding via elimination of the
methyl groups (Scheme 17) [58]. Insertion reaction of sulfur atoms into an
Ir-Ir bond takes place in the treatment of Cp*Ir(u-SiPr),IrCp* with Sg to give
a unique dinuclear iridium complex having a p-nonasulfide ligand [65]
(Scheme 19).

2.5
Reactions of Metal Halides with Polysulfide Dianions

Reactions of metal halides with polysulfide dianions are useful methods for
the synthesis of polysulfido complexes of main group elements and transi-
tion metals. In most of these reactions, similarly to other methods, the chain
lengths and coordination types of the polysulfide ligands depend on the oth-
er ligands coordinated to the metal, on the ratio between the metal and sul-
fur, on the reaction temperature, and other parameters.

Some polysulfido complexes of group 13 elements are synthesized by re-
action of the metal chlorides with K,Ss. A mixture of InCls, K,Ss, and Ph4PCl
in a 2:5:4 molar ratio is stirred in DMF at room temperature to give pale-yel-
low crystals of (PhyP)4[In,(S4)2(Se)2(1-S7)] in 52% yield (Scheme 20) [66]. A
similar reaction with the ratio of InCl5:K,Ss5:Ph4PCl=1:2:1 results in the for-
mation of (PhyP);[In;(S4)2(1-S)(1-S5)]0.5[In2(S4)(Se)(u-S)(u-S5)]o5. On the
other hand, the reaction of TICI with K,Ss in the presence of one of the cat-
ions PhyP*, EtyN*, or Me,N* affords novel stable complexes containing the
anion [TL(S4),]*" in each case [67]. The use of K,S, (x=4-6) in this reaction
does not affect the composition of the final product. The reaction of
In(CL,)[HB(3,5-Me,pz)s], prepared from InCl; and the tridentate ligand
[HB(3,5-Me;ypz);]~, with K,Ss results in the formation of the mononuclear
tetrasulfido complex In(S4)[HB(3,5-Me,pz);](3,5-Me,pz) [68].

The reaction of the dichlororhenium complex Cp*Re(O)Cl, (Cp*=n’-
CsMes) with an equimolar amount of Na,S; results in almost quantitative
formation of the corresponding tetrasulfido complex Cp*Re(0)S4 [69]. In-
creasing amounts of Na,S; in this reaction lead to the formation of
Cp*Re(S5)(S4), and treatment of Cp*Re(O)Cl, with an excess of (NH,),S,
(x=10) gives Cp*Re(S3)(S4) in quantitative yield. The reaction of Cp*ReCly
with an excess of Li,S, gives the dinuclear polysulfido complex Cp,Re,(u-
S4); containing a Re-Re bond [70] (Scheme 21).



Polysulfido Complexes of Main Group and Transition Metals 167

S-S S-S
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Scheme 20 Synthesis of group 13 polysulfido complexes by the reaction of the corre-
sponding metal halides with polysulfide dianions

The reaction of IrCl;-nH,O with 25 wt% (NH,),S, in water at 30-50 °C
gives (NH,)s3[Ir(Se)s] as the main product together with small amounts of
(NH,)5[Ir(S4)(Ss)2] [71, 72]. The use of 20 wt% (NH,),S, in this reaction led
to the predominant formation of (NHy4);[Ir(S4)(S¢)2] (Scheme 22). This result

ﬁ NazS, (1 eq) ﬁ (NH4)2Sx (x ~ 10, excess) ﬁ

Re _Re—Cl THF,MeOH, r.t., 4 h Re 958%
_Re~g_ THF e MeOH, r.t,, BN
Y S\S’S o’ Cl S\S/ S\S,S
ﬁ LioS2 (excess) ﬂ s
T Re=2 .~ 23%
C|—|/:*§~C| THF Ie\SQ-/'Rle
cl ¢ s 1S%sS

s—S

Scheme 21 Synthesis of rhenium complexes by the reaction of the rhenium chlorides
with polysulfide dianions

is in sharp contrast to the reaction of RhCl;:nH,0 with (NH,),S, under iden-
tical conditions yielding only (NH4)3;[Rh(S¢)3]-3H,0 [73, 74].

The solvothermal reaction between metal halides and polysulfide anions
is also a useful method for the synthesis of metal-polysulfide clusters. Hy-
drothermal reaction of K,PtCly with K,S4 (5 eq) at 130 °C in a sealed tube
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(NH4)2Sh

IrClz-nH,O
e Ho0

(NHg)3[lr(S4)(Se)2l + (NH4)2[Ir(Se)s]

Scheme 22 Synthesis of iridium polysulfido complexes by the reaction of IrCls;-nH,0
with polysulfide dianions

gives reddish-black trigonal prismatic crystals of K4[Pt4S;,]-4H,0, while a
MeOH solution of K,PtCly, K,S4 and PhyPBr in a molar ratio of 1:2:5 heated
to 80 °C gives (PhyP),[Pt(S4),]-CH;0H as reddish-orange rectangular rodlike
crystals [75]. The methanothermal reaction of Na,PdCly, Na,S; and
{MeN(CH,CH,);sNMe}I, in a 1:3:1 molar ratio at 110 °C yields reddish-
black hexagonal rodlike crystals of Na;{MeN(CH,CH;);N}3[Pds(C,Ss)
(4-S3)6]-:3MeOH containing the unprecedented hexathioorthooxalate ligand
[C,S6]® [76]. On the other hand, a similar reaction at 80 °C using PdCl,
instead of Na,PdCl, resulted in the formation of Na,{MeN
(CH,CH;)3N}4[Pdg(CyS6) (14-S3)a(12-S4)2]-MeOH as reddish-black rectangular
rodlike crystals. Since the similar reaction at 110 °C gives the [Pds(C,Se)
(1-S3)6]® cluster as the main product, it is assumed that the latter anion is
thermodynamically more stable than the [Pds(C,S)(1-S3)4(1-S4)2]° cluster
(Scheme 23). Although the mechanism for the formation of these clusters
has not been fully revealed yet, it has been proposed that the cation
[MeN(CH,CH,)3;N]* is formed by the elimination of a methyl cation from

s ] N
NN S
T S\P‘\SBPI —s
KoPtCly + KoSy (5 eq) sealed tube Ky | s S\|' |t\ 5 |4H,0  50%
2Pl + KaoS4 (5 €q _— 4 s—|prt—|s->g -4H,! o
o N S
H,0, 130°C, 1d Ngplng
[~
5/
L S ]
odl tub -8, S~
KoPtCly + KoSs (5eq) + PhyPBr(2eq) —Sc2edWoe . ppp),| T Pt 1 |-MeOH 40%
MeOH, 80 °C, 1d S~g¢" 5~
sealed tube
NaoPdCl; + NayS, (3 eq) + {MeN(CH,CHo)sNMe}ls (1 eq)
MeOH, 110 °C

Nag{MeN(CH,CHo)sN}5[Pdg(C2Se)(S3)g)-3MeOH  30%

sealed tube
MeOH, 80 °C
Nax{MeN(CH2CHo)3N}4[Pds(C2Se)(S3)4(Sa)o)MeOH  30%

PdCl, + NaySy (3 eq) + {MeN(CH,CHyp)sNMe}l, (1 eq)

Scheme 23 Synthesis of group 10 metal polysulfido complexes by the reaction of the
metal chlorides with polysulfide dianions
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the starting dication [MeN(CH,CH,);NMe]** and the [C,S4]® ligand origi-
nates either from such liberated methyl cations or from -CH,CH,- groups of
the starting dication.

2.6
Synthesis from Compounds with Formal Metal-Sulfur Double Bonds

Some polysulfido complexes of group 6 metals have been synthesized by the
addition of sulfur atoms from reagents such as elemental sulfur or organic
polysulfanes to formal metal-sulfur double bonds. The reaction of MO,S,.,
(M=Mo, W) with elemental sulfur in CH3CN or DMF solvent gives the poly-
sulfido complexes [Mo(S)(S4)2]*, [Mo(0)(S4)2]*, and [{M(S)(S4)}2(1—S)2]1*
(M=Mo, W) [3, 77, 78]. Xintao et al. developed the reaction system of
MO0,S,%7/S,/H,NNH,-2HCl (M=Mo, W), and obtained doubly bridged com-
plexes [{MO(S;)2}2{12-S7}(pt,-HoNNH,) ]2~ (M=Mo, W) containing bridging
S;*~ and hydrazine (H,NNH,) ligands [79, 80]. The use of [WS4]*>~ and P,S;
instead of [MO,S,]*" and S, in this reaction system in RCN solvents (R=Me,
Et) results in the formation of oxo-thiotungstate amidrazone compounds
WO(S,),{NH=C(R)NHNH} (R=Me, Et) via the reaction with the solvents
[81] (Scheme 24).

S7
N
air, r.t. HoN S/M:O
(NH4)oMO,S, + Sg (4 eqas S) + HoNNHp2HCI (05eq)  — '™t o (NHy)p A 787
DMF OGFMTgNH, S
M = Mo; 53% \J
M=W; 27% S
s-$ R
air, r.t. \/,NJ
(NH)WS, + PySs (0.5eq) + HNNHp2HCI 33eq)  ——————~  O=y_ NH  R=Me, Et
RCN N
s/-\s H

Scheme 24 Synthesis of group 6 metal disulfido complexes

Trinuclear heterometallic clusters with bridging disulfide and sulfide lig-
ands [(1-S2)(Cp*Ru),(u3-S)(12-S),MS] (M=Mo, W) are synthesized by the
reaction of [Cp*RuCl(u-Cl),RuCp*Cl] with an excess of [MS,]*~ (M=Mo, W)
in THF under reflux [82]. In these complexes, the Cp*Ru units are connected
by bridging MS, and S, ligands. The S, moiety apparently arises from the
degradation of the [MS,]*~ anion (Scheme 25).

el

Cl Cp* Cp* *

Ny Clrp # P ~Ru=S~Rpy~CP" M=Mo: 5%

RuLgRd + (NH)MSy (4eq) —————— RUCTRT T oW 1ao

Cp* el THF, reflux, 6 h s Moug =W:13%
S

Scheme 25 Synthesis of trinuclear heterometallic clusters
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The reaction of [ReS,]” with an excess of Sg in the presence of C,H, af-
fords the tetrasulfido complex shown in Scheme 26 [83]. Furthermore, a
polysulfido complex of niobium [Nb(0)(S,),(SH)]*" is synthesized by the re-
action of the [Nb(St-Bu)(S);]*~ anion with Sg and H,0 in DMF or by the
treatment of the [Nb(SH)(S);]?>" anion with BzSSSBz in wet CH;CN [84]
(Scheme 26).

S
S 11
CoH
I oH, s—Re-g
NEt - + Sg(4eqas S - -~ NEt SO RO 90%
¢ [S,/Re\\ S} s (4eq ) MeCN/toluene, r.t. 4l s .8 s _CHs
Ho
?FBU_
R4E — S H>0
(R4E)2 s’/NQ\_SS + Sg + Hy TTOME o s
L J 65% Rll;
S (R4E)2 s_N>s
(PhgP)2 Nlb:s + BzSSSBz -
g~ \\S MeCN/H.O R4E = PhyP, Et4N
- - 65%

Scheme 26 Synthesis of rhenium and niobium polysulfido complexes from the corre-
sponding doubly bonded complexes

2.7
Synthesis from Hydrogensulfido Complexes

The oxidation of M-SH to M-S-S-M functionalities has been used for the
synthesis of some polysulfido complexes (Scheme 27). Oxidation of
[Rh,Cp*,(u-CH,),(1-SH)]Cl by O, in the presence of an excess of H,S led to
the formation of the tetranuclear rhodium complex [{Rh,Cp*,(u-CH,),},
(u-S4)]CI(OH)-3H,0[85]. Since [Rh,Cp*,(1-CH,),(u-SH)]™ is not oxidized
by O, in the absence of H,S, the use of excess H,S may play an important
role in the formation of Rh(SH,) species containing a framework such as
[Rh(SH)-Rh(SH,)]", in which the H,S ligand attached to the cationic com-
plex is most likely oxidized first. On the other hand, dinuclear hydrogensul-
fido-bridged complexes of group 9 metals such as [(MCp*Cl),(u-SH),]
(M=Rh, Ir) are oxidized by CuCl,-2H,0 to give the remarkable Rh,S;
and Ir;CuSs clusters [(RhCp*)4(13-S;2)2(1s-S3)][CuCl], and [(IrCp*);
(43-S2)3(CuCly)][CuCly], through an oxidative S-S bond formation [86]. The
use of other oxidants such as I, O, or [FeCp,]PFs failed to give this Rh clus-
ter cation.

The ruthenium complex RuCp(SH)(CO)(PPh;) reacts with RSphth
(phth=phthalimido) to give the disulfano complexes RuCp(S,R)(CO)(PPhs)
as air-stable yellow compound in good yield (Scheme 28) [87]. RuCp(S;R)
(CO)(PPh;) is synthesized in an analogous manner using RS,phth, although
RuCp(S;R)(CO)(PPh;) and some unidentified products are obtained as
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Scheme 27 Synthesis of rhodium, iridium, and copper polysulfido clusters from the cor-
responding p-hydrogensulfido complexes

byproducts. The formation of RuCp(S;R)(CO)(PPh;) can be explained in
terms of an attack of the thiol on the o-sulfur atom followed by proton-ab-
straction with the resulting phthalimido anion as shown below. If the S-sul-
fur atom is attacked along with the dissociation of the Sphth™ group, RuCp
(CO)(PPh3)S,R is formed.

| 3 r.t. i© 0
+ RSN B +  HN
Ph3P'RIU~SH Sy THF Gt) or PhaP’Rﬁ“SxSR ;@
co 0 toluene (x=2) Cco (o)
x =1 or2; R = 4-C¢HsMe, n-Pr, i-Pr 40-60%
o} C'p -
Cp R—s—s/—\r'\l Phap’?ug—S—S—R o R,u o)
I o) oc \H @N::Q PhsP~""~83—-R HNm
co N co g

Scheme 28 Synthesis of ruthenium polysulfido complexes from the corresponding hy-
drogensulfido complexes

Treatment of cis-[Pt(SH),(PPhs),] with SO, resulted in the formation of
Pt(S;0)(PPh;), and H,0 (Scheme 29) [88]. In analogy to the above reaction,
the initial attack of the thiol on the sulfur atom of SO, leads to the formation
of the S-S bond. Details of the reaction mechanism will be discussed later
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Scheme 29 Synthesis of oxidized polysulfido complexes from the corresponding hydro-
gensulfido complexes

(Scheme 67). In addition, the reaction of hydrogensulfido complexes
RuCp(SH)[(PPh,),(CH,),] (x=1, 2) with various sulfonylchlorides in THF at
—70 °C afforded the thiosulfonato complexes RuCp(SSO,R)[(PPh,),(CH,),]
(x=1, 2) accompanied by the abstraction of HCI [89].

2.8
Other Synthetic Methods

The preparation of some polychalcogenide solids can be achieved at 200-
450 °C by molten salt (flux) methods. The reaction of tin with alkali metal
sulfides in the presence of Sg at 200-450 °C gives a variety of alkali metal tin
sulfides depending on the ratio of the starting materials, the reaction tem-
perature, and the alkali metals (Scheme 30) [90]. These alkali metal tin sul-

M =K, Sn:K,S:S = 1:2:8

K2Sn,Sg
250 or 275 °C, 4-6 d, 86%
M = Rb, Sr::Rbgs:S =°1:2:12 0-Rb,SN»Ss
Snox MS o+ Se M R3t>305 CI,R: : :9 /°1 1:8
= Rb, Sn:Rb,S:S = 1:1:
450 °C, 4 d, 59% B-RbzSn2Se
M = Cs, Sn:Cs,S:S = 1:2:6-10

250 or 275 °C, 4-6 d Cs2lSn(Sa)z(Se)]

Cu + CsS(08eq + Ss(@eqass) —20 44 | csicusg,
50%

Se__S
230°C, 4d 5578 Tée $7S.g
Cu + Cs,S(156q) + Sg(8eqasS) + Te(teq —o0S4d ool ouzS>cl  §
69% S d ST e
~g-S ] S~g
s,Te~S

Scheme 30 Synthesis of metal polysulfido complexes by the reaction of metals with Sg

fides are probably formed by the reaction of Sn with molten alkali polysul-
fide salts (M,Ss: M= K, Rb, Cs) originating from the alkali sulfide and ele-
mental sulfur. On the other hand, if Cu powder is treated with Cs,S in the
presence of Sg the polymeric anions [Cu(Se)],"” are formed with CuSe sev-
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en-membered rings [91]. The addition of Te in this reaction resulted in the
formation of Csg[Cu,(Se)2(TeS;)2]. The formation of these copper polysul-
fides can be interpreted in terms of the reaction of Cu with the initially
formed molten Cs,S, or Cs,S,Te, salts.

The reaction of the transition metal chlorides Ru,Cp*,CLS, (Cp*=n’-
CsMes) and ReCp’Cly (Cp'=n’-CsMe4Et) with (Me;Si),S leads to the forma-
tion of the corresponding metal polysulfides Ru,Cp*,S, and Re,Cp’,Sy, re-
spectively, and Me;SiCl as the leaving group [40, 92] (Scheme 31).

s.. ¢

N z S—S
N S * i
S AON (Me3Si)oS (2 eq), THF, r.t., 11 h / \
Cp*—Ru Ru—Cp* Cp*~Ru_ _Ru—Cp* Cp*=n°-CsMe
A ~MesSiCl P < P R Eses
Cl ¢l 38%
. S—S
Me3Si),S (2 eq), CHoCly, r.t.~refl A
Cp'ReCl, (MesSi)zS (2 eq), CH:Cl X Cp—R6ZRe—Cp' | Cla Cp' = n°-CsMe,Et
. \N </
—Me3SiCl S=¢

87%

Scheme 31 Synthesis of ruthenium and rhenium disulfido complexes by the use of
(TMS),S as a sulfur reagent

The reaction of dihalogermane Tbt(Ar)Ge(Br)Cl (Ar=Mes, Tip) with 2
equivalents of tert-butyllithium followed by the treatment with S® resulted in
the formation of the corresponding tetrathiagermolanes Tbt(Ar)GeS,; in
good yields (R=Mes: 79%, R=Tip: 81%) [52]. The analogous reaction of the
dichlorostannane Tbt(Ar)SnCl, (Ar=Mes, Tip) also gave the corresponding
tetrathiastannolanes Tbt(Ar)SnS, [51]. These reactions are considered to
proceed via Tbt(Ar)M(H)Li (M=Ge, Sn) as key intermediates. The reaction
of Tbt(Ar)M(H)Li (M=Ge, Sn) generated from dihydrometallanes such as
Tbt(Ar)MH, (M=Ge, Sn; Ar=Mes, Tip) and equimolar amounts of #-BuLi
with an excess of Sg also yielded the tetrathiametallolanes Tbt(Ar)MS, in
moderate yields (45-73%). In addition, a titanium pentasulfide complex
Ti(Cp*)(ODip)Ss is synthesized by a similar type of reaction, i.e., treatment
of TiCl,(Cp*)ODip with 2 equivalents of n-butyllithium followed by the ad-
dition of Sg [93]. In contrast to the formation of the above polysulfides of
heavier group 14 elements, the Ti(II) complex was postulated as a key inter-
mediate in this reaction (Scheme 32).

Tot, X g s Tot_ S-
i #BuLi (2 eq) s (excess) WS R R Tot: R = CH(SIMey),
A Yy THForDME —78 °C —r.t. or reflux A 'g-S Tip: R = i-Pr
-78 °C Mes: R = Me
M=Ge, X=Cl, Y=Br; M=Sn, X=Y=CI 60-80%
Ar=Tip, Mes
Cpy i/C' n-Buli(2eq)  Sg(5eqasS) Cp*\T,IS‘S\S 250, Cp* = 15-CsMes
AN Al . .
Dip0~ “CI hexane, r.t. rt,12h DipO” ‘s—§ ° Dip = 2,6-(i-Pr),CeHs

Scheme 32 Synthesis of metal polysulfido complexes from the corresponding dihalide
complexes
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Very recently, it has been reported that silaaromatic and germaaromatic
compounds, stabilized by steric protection, react with Sg to afford the corre-
sponding trithiametallolanes and/or pentathiametallepanes via the addition
across the M-C (M=Si, Ge) double bond [94-96] (Scheme 33).

s-§
.S
S Sslexcess) Mo, M= i 20%
Pz benzene, r.t. _ M = Ge: 55%
Tbt

Tht Tbt Ps
@ Selexcess) - GeS @C 3
N benzene, r.t. . S/ . sfS/

33% 17%

Tbt = 2,4,6-[CH(SiMe3),]3CeH2
Scheme 33 Synthesis of group 14 element polysulfido complexes

3
Structural Properties

The structural properties of metal-polysulfido complexes have already been
reviewed by Miiller et al. in 1982 and 1987 [2, 8]. This section presents a
brief update on the structural properties of metal-S, complexes (n>1) in-
cluding a novel Rh4S, complex with a rectangular S4 unit.

3.1
S,%~ Complexes

Various types of metal-disulfido complexes have been reported as shown in
Fig. 2. The comparison of their S-S bond lengths (197-215 pm) and v(S-S)
vibrational wavenumbers (480-600 cm™) with those of S, (*°Z,: 189 pm,
725 cm™) [97-100], Sy (*Ig: 200 pm, 589 cm™) [100, 101] and S;*~ ('Z,*:
213 pm, 446 cm™) [8, 102] leads to the conclusion that the charge distribu-

—S S—S S—S S—S
\ / VAN ANVAN W\
M M M M M M M M
Ia, Ib, Ic, IIa,
M M M M M
/ \ / \ /
S—S S—S S—S S—S
/ \ / / /
M M M M M M
cis-111a, trans-111a, 1IIb, Ilc,

Fig. 2 Important structure types of disulfido complexes
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tion in disulfido complexes lies between those for S,~ and S,%~. Therefore,
the bond order of the S-S bond in S, complexes is intermediate between 1.5
and 1.

Type Ia, complexes favor high coordination numbers on the metal since
the S-M-S angles are small (e.g., [Rh(n*-S,)(Ph,PCH,CH,PPh,),]* [27],
[VS,(17>-S,)(SPh)1?~ [62], [NbO(1?-S,),(SPh)]?~ [63]; see Scheme 34). More-

N
2— o—
(\F\»Phg SPh PhS, //o
PhaP~pgh—8 S ~Nb—$
PhoP—"Nd V S
20178 VAN AV
\_PPh, s s s S
Ar(Me),P S Me,Si SiMes _
P SiMes  Tht: R=H
Ar(Me),P S R )
] SiMes Bbt: R = SiMe;
Ar = Tbt, Bbt MesStsives

Scheme 34 Type Ia, complexes

over, high coordination numbers have an effect of hindering the nucleophil-
ic attack of reagents on the metal centers. As for the type Ia, complexes, the
species PtS,[P(Ar)Me,], (Ar=Tbt, Bbt) [37] has been synthesized as the only
examples of stable tetracoordinated complexes taking advantage of the ef-
fects of the bulky phosphine ligands P(Ar)Me, (Ar=Tbt, Bbt).

The principal bonding interactions in type Ia, complexes are illustrated
schematically in Fig. 3. According to the qualitative Dewar-Chatt-Duncanson
bonding scheme [103, 104] the coordination of the S, ligand to the central
metal can be depicted by the primary bonding interaction between the x,
(my) orbital of the S, ligand and the metal dy * orbital (6-bonding) and be-
tween the 7,* (7,*) orbital of the S, ligand and the metal dy, orbital (z-bond-
ing). It is assumed that the interaction of the #, (z,) and the n,* (7,*) or-
bitals is negligible. The 7-bonding is considered to be the dominating inter-
action in type Ia, complexes. On the other hand, SCF-Xa-SW calculations
on [MS,(PHs)4] (M=Rbh, Ir) suggest that there is also a contribution of the p-
orbitals of the metals and the p, orbitals of the S, ligands to the bonding in
addition to the above-mentioned interaction [105]. These molecular orbital

3 S S
i M
)—n Z S D s
w | ok %
¥ S

S S
dz2 Tz dyz 'y
a-bonding n-bonding

Fig. 3 Schematic bonding interactions in disulfido complexes
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calculations propose that the M-S, bond consists of an in-plane 7 overlap of
the S, n,* (7y*) orbital with the metal py+dy, hybrid of predominantly py
character and of ¢ overlap between the S, 7, (7,) and po orbitals with the
metal d,* hybrid.

In the electronic spectra of type Ia, complexes, an absorption band is ob-
served in the visible region. For example, the spectrum of
WO(S,),{NH=C(R)NHNH} (R=Me, Et) shows the longest wavelength bands
at 460 nm (& 1.95x10%) (R=Me) and 465 nm (g 0.68x10%) (R=Et) [80]. The
antibonding orbital 7* of the S, ligand splits into two components, i.e., the
in-plane 7,* (7,*) orbital and the z,* (7,*) orbital perpendicular to the MS,
plane (cf. Fig. 3). The longest wavelength bands in the visible region are as-
signed to the ligand-to-metal charge-transfer (LMCT) transitions of the type
¥ (S)—d(M), while the LMCT transitions of type n,*(S)—d(M) are ob-
served at higher energies in the UV region [2, 8]. These assignments are con-
sidered to be applicable to the other type Ia, complexes containing metal
atoms in a high oxidation state. Meanwhile, the assignments of the absorp-
tion in the electronic spectra with the SCF-Xa-SW calculations have been
performed for [MS,(Ph,PCH,CH,PPh,),] (M=Rh, Ir) [105]. Their lowest en-
ergy absorption bands [M=Rh: 629 nm (g 62); M=Ir: 582 nm (¢ 13)] are as-
signed to the intraligand transitions 7,*(S)—m,*(S), po*(S), dy, (M).

Similarly to type Ia, complexes, type IIa, complexes favor high coordina-
tion numbers on the metal because of the small S-M-S angles (e.g.,
Rusz*ZS4 (Cp*zns—C5M65) [40] and R62CP/284 (Cp’=n5-C5Me4Et) [92])
Their bonding interaction is described as follows, using the qualitative De-
war-Chatt-Duncanson bonding scheme. The bonding interaction similar to
that in type Ia, complexes occurs twice. That is, interaction between 7,* of
S; and M1 and between 7,* of S, and M2 occurs (Fig. 3). If M2 is a positively
charged metal ion with few d-electrons, the coordination of the S, ligand to
M2 in type IIa, complexes lead to a lower electron density on the S, ligand
compared to type Ia, complexes. This depopulation of the 7* orbitals of the
S, ligands results in an enhanced sensitivity to nucleophilic attack together
with shorter S-S bond lengths and higher v(S-S) vibrational wavenumbers in
type Ila, complexes compared to type Ia, complexes. For example,
[Mo035(S,)s]*” having both types Ia, and Ila, S, ligands shows slightly shorter
S-S bond lengths (200.0, 203.1 pm) in the bridging S, ligand (type IIa,) com-
pared to those in the terminal S, ligand (type Ia,) [d(S-S)=204.5, 207.7 pm]
[106] (Scheme 35).

S\
\S
c R/S_Sﬁ c c S c A
p*— u_ Ru- p* p'- Re Re p' \ N /
SZS R / /
Cp* = n>-CsMes Cp' = 1°-CsMeyEt \S/ =S
S

Scheme 35 Type Ila, complexes
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As for type IIla, complexes, both v(S-S) and the totally symmetric v(M-S)
vibrations are practically forbidden in the IR spectrum, while these vibra-
tions can be observed in the Raman spectrum. Most of type cis- and trans-
IITa, complexes have planar M-S-S-M units, although the C-S-S-C torsion
angles of organic disulfanes are normally close to 90°. In addition, type Illa,
complexes have shorter S-S bond lengths and higher vibrational wavenum-
bers than those of S,*~ (213 pm, 446 cm™) (e.g., [Ru(CH3CN);{P(OMe);},(u-
Sz)](PF6)3I d(S-S)=1995 pm, V(S-S)=591 cm‘l [43], Feszz(,u-Sz)(/,t-SEt)z
(Cp=1°-CsHs):  d(S-S)=202.3 pm [107]; [Ir,Cp*,(u-S;)(u-SEt),](BPhy)
(Cp*=n°-CsMes): d(S-S)=199.7 pm [65]). These properties may be explained
in terms of the large contribution of resonance structure B, which has some
extent of double bond character in the S-S bond (Scheme 36).

MeCN\ NCMe /S—S( /S—S\ +
(MeO)sP—RuU—NCMe Cp- _ *_ —Cp*
PN p—Fe fe Cp Cp Ir\ Ir—Cp
(MeO)sP” 'S—S P(OMe)s 'S RN
MeCN—/Rl{—P(OMe)3 Et Et iPr Pr
MeCN NCMe Cp = T]5'05H5 Cp = n5-05M65
" s—S «8-=S /S:S
Fe3+ Fedt Fe2+ Fed+ Fe2+ Fe2+
A B C

Scheme 36 Type Illa, complexes

3.2
S,>~ Complexes (1>2)

The geometries of disulfido complexes have been systematically studied by
means of X-ray structural analysis, spectroscopic analysis, and theoretical
calculations, as mentioned above. However, systematic considerations on the
structural features of S,*~ (n>2) complexes are difficult due to their diversity.
In general, the alternation of the S-S bond lengths is less pronounced in
these complexes, and the charge distribution for the S,?" ligands is assumed
to be intermediate between those for S, and S,*” species. The conformations
of the polysulfido-metal rings are different from each other depending on
the central metal and/or ligands.

Some tetrasulfido complexes of Mo and W with high oxidation states
show a shortening of the central S(2)-S(3) bond of the [-S(1)-S(2)-S(3)-
S(4)-1* ligand [e.g., W(n’-CsHs),S4: S(1)-S(2) 210.5(7), S(2)-S(3) 201.6(8),
S(3)-S(4) 211.6(9) pm] [108]. A similar bond shortening has been observed
in the tetrasulfido tin complex Sn[N(SiMes),][(NCy),C(¢t-Bu)]Ss [23] al-
though the X-ray analysis of another tin tetrasulfide, Tbt(Mes)SnSy4, does not
show such an effect [51] (Scheme 37).



178 Nobuhiro Takeda et al.

tBuﬁ_ Cy
N R
Cp_ S-g /N(\\ S~s Tbt S~g Tbt: R = CH(SiMes)o
W oy Sn_ I sn i R o
c / \S’S /s Mes ‘S’S Mes: R = Me
p Me;Si-N R
Cp =n°-CsHs SiMes

Cy = cyclohexyl

Scheme 37 Metal tetrasulfido complexes

Infrared absorption bands of S,?~ (n>2) complexes are usually of low in-
tensity, while the Raman spectra often show intense and characteristic lines.
However, the assignments are difficult because of their complexity. The ab-
sorptions in electronic spectra are often assigned to intraligand transitions,
and it is known that the increasing length of the polysulfido chain leads to
an increasing red shift of the absorption band.

33
A Tetranuclear Rh Complex with a Rectangular S; Unit

The tetranuclear complex [{Rh,Cp*,(1-CH,),}2(1-S4)1(BEy), (Cp*=1-CsMes)
with a rectangular S, unit has been synthesized (Scheme 27) [85]. The X-ray
structural analysis shows that the rectangular planar S, unit and the two pla-
nar Rh,S, rings form the Rh,S, eight-membered ring with a centrosymmet-
ric chair-like core. The molecule has a symmetry center (Scheme 38). The

B cot ] 111.16(4)° .
Cp¥ / S1*——Rh1
\ SR 234.6(1)
Rh=—s"" |H,C CH2 Rh2 s2
HZC{RIHCHzé /S—Rh\ BF4)2 ,
cp* 266.18(4) | 2702(1)} g -
Cp* :
P - Rh1 d1 9750)
Cp* = 7°-CsMes 235.3(1)

Scheme 38 Structure of the RhsS4 complex

§1-S2* and S1%-S2 bond lengths [197.9(1) pm] lie between those of gaseous
S, (189 pm) [98] and H,S; (205.5 pm) [109]. This short S-S distance indi-
cates a considerable double bond character. The other two S-S bonds (S1-S2
and S1*-S2%) are quite long [270.2(1) pm] although shorter than the sum of
the van der Waals radii of sulfur atoms (350 pm). The Rh-Rh [266.18(4) pm]
and Rh-S [235.3(1) and 234.6(1) pm] bonds are in the range of single bonds.
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n-bonding Rh
(S — Rh)
S S a4 N
¢
i Rh
p
Rh
jF{h
sp-hybrid
Rh
a-bonding
(Rh = S)

Fig. 4 Schematic bonding interactions in the Rh4S, complex

The v(S-S) stretching mode is observed in the Raman spectrum at
579 cm™!, suggesting some S-S double-bond character. The stretching vibra-
tion of the weak S-S bond has not been observed in the Raman spectrum.

The estimation of the charge on the S, ligand of the model molecule
[{Rh,(7°-CsHs),(1-CH,),}2(1-S4)]** has been performed by ab initio molecu-
lar orbital calculations [110]. The population analysis gives the total charge
on the S; unit as about —0.7 e. This result is consistent with the above-men-
tioned X-ray structural analysis, i.e., the S; unit of the complex is close to
S4~. The bonding interaction of the S unit with the Rh atoms in this com-
plex has been depicted as o-back donation from the Rh atoms to the S4 li-
gand accompanied by 7z-donation from the S, ligand to the Rh atoms
(Fig. 4). The o-bond is the interaction between the LUMO of neutral S,
(SOMO of S47) and occupied MOs of the Rh, moieties consisting mostly of
sp-hybrid orbitals of the metal atoms. The n-bond is formed by the interac-
tion of the occupied by, MO of the hypothetical rectangular S, unit and an
unoccupied MO of the Rh, units containing mostly p-AOs of the Rh atoms.
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4
Reactions

The reactivities of metal polysulfido complexes have previously been re-
viewed [2-4, 8]. In this section we describe some of the recent progress
made in this area.

4.1
Thermal Equilibrium between Polysulfido Complexes

In hexane solution, hexathiagermepanes, Dmp(Ar)GeSs (Ar=Mes, Tip),
gradually convert to a mixture of the corresponding tetrathiagermolanes,
Dmp(Ar)GeS,, and Sg (Scheme 39) [53]. This transformation is accelerated

-s
DmP\G/S s Dmp\G Ss o, s R Mes: R = R' = Me
IS N G ——— Ge & 8 —@—R' Tip: R = R' = CHMe,
A’ S-g Ar 8 Dmp: R=Mes, R'=H
Ar = Mes, Tip
1/8 Sg 1/8 Sg

ZnS,TMEDA) =—————=  ZnSs(TMEDA) ZnSe(TMEDA)

—1/8 Sg ~1/8 Sg

TMEDA = (MegNCHg)g

-30°Cto-78°C

Ga(s:;Et)s Ga(82Et)3 + 3/8 Sg

80 °C

Scheme 39 Thermal equilibrium between metal polysulfido complexes

by heat. The equilibrium ratios are Dmp(Ar)GeSs: Dmp(Ar)GeSs=1:1
(Ar=Mes) and 1:4 (Ar=Tip). These differing equilibrium ratios depending
on the substituents indicate that the ring size of the polysulfides is thermo-
dynamically controlled by the size of the substituents on germanium.

An equilibrium among polysulfido complexes of zinc, ZnS,(TMEDA)
(n=4, 5, 6), has also been observed in MeCN solution (see Scheme 39), al-
though solutions in pyridine or CH,Cl, do not show such an equilibrium
[111]. The equilibrium ratio among these three complexes is ZnS,(TMEDA)
: ZnSs(TMEDA) : ZnSs(TMEDA)=1:1.5:12.

Acyclic polysulfido complexes of gallium show similar equilibrium reac-
tions, for instance between Ga(S;Et); and Ga(S,Et); [60]. If Ga(S;Et);
is cooled at —30 °C and —78 °C for 2 and 1 weeks, respectively, it affords
Ga(S;,Et); quantitatively. Heating of a mixture of Ga(S,Et); and Sg (3 eq as S)
results in the quantitative formation of Ga(S;Et);.
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4.2
Desulfurization by Phosphines

Reaction of cyclic tetrasulfido complexes of heavier group 14 elements bear-
ing bulky substituents such as Tbt(Ar)MS, (M=Si, Ar=Tip; M=Ge, Ar=Tip;
M=Sn, Ar=Ditp) with 3 equivalents of phosphines afforded the successful
isolation of the first stable double-bonded compounds between heavier
group 14 elements and sulfur atom (heavy ketones), Tbt(Ar)M=S, accom-
panied by the quantitative formation of the corresponding phosphine
sulfides (Scheme 40) [13, 15, 112, 113]. On the other hand, their lead an-

bt S-g 3 PhgP Tbt R

M | _— > \M:S M = Si: quant
Tip” 's-S hexane, reflux Tip/ M = Ge: quant R'
-3 PhsP=S H
Tot, S-g 3 BugP Tbt, Tbt: R = R' = CH(SiMeg),
sn S remae i Sn=§ Mes: R =R'=Me
Dity” S~ hexane, r.t. Ditg Tip: R = R' = CHMe,
-3 BuzP=S Ditp: R = 2-iPrCgHy, R =H
Tht, /S\S 3 PhgP Tbt\ . Tbt\ Tlp\ /S\ /Tlp
Po J Po=s | —=.  Po-s  +  Pb P
Tip” s-S toluene, 50 °C Tip/ .. \Tbt Tip/ s “Tip
-3 PhgP=S 26% 32%

Scheme 40 Synthesis of doubly bonded compounds between group 14 elements and sul-
fur by the desulfurization of the corresponding tetrasulfides

alog Tbt(Tip)PbS; reacts with 3 equivalents of Ph;P to give the
aryl(arylthio)plumbylene Tbt(TbtS)Pb and 1,3,2,4-dithiaplumbetane (Tip,
Pb),(u-S), which are assumed to be formed via the corresponding plumba-
nethione Tbt(Tip)Pb=S [114].

Desulfurization of the less-hindered tetrathiametallolanes Tbt(Mes)MS,
(M=Si, Ge, Sn) by phosphines gives the corresponding 1,3,2,4-dithiadimetal-
letanes {Tbt(Mes)M},(u-S),, the formation of which is explained in terms of
the insufficient steric protection leading to the dimerization of the interme-
diates Tbt(Mes)M=S [13, 115, 116]. The five-coordinated tetrathiastan-
nolanes [N(SiMe;),][(NCy),CR]SnS; (R=Me, t-Bu) also react with Ph;P
to afford the dimer of the N-coordinating stannanethione {[N(Si
Me;),][(NCy),CR]Sn},(1-S), [23] (Scheme 41).

The use of 4 equivalents of MesP in the desulfurization of the tetrathias-
tannolane Tbt(Tip)SnS, results in the formation of the corresponding diva-
lent species [Tbt(Tip)Sn] [117] (Scheme 42). By contrast, treatment of the
germanium analog Tbt(Tip)GeS, with excess of Ph;P gives only the corre-
sponding doubly bonded species Tbt(Tip)Ge=S.

1,2,3,5-Tetrathia-4-germacyclohexanes with S; and S bridging ligands
such as Tbt(Ar)Ge(S;)(S)CPh, (Ar=Mes, Tip) are readily desulfurized by
P(NMe,); at room temperature and 1,2,4-trithia-3-germacyclopentane
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Tbt_ S-g 3 RsP Tot, ,S_ .Tbt M=Si R=Ph:90%

™M T MM M = Ge, R = NMe,: 35%
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Rﬁ— ,Cy Rj— Cy MesSi
N N N-SiMe3
,hﬁgﬁs\ls 3 PhsP N_ \ S~/ o Cy = cyclohexyl

Cy -/ g-S ether, r.t. Cy  Ng” \ N R = Me; 98%

MesSi—N -3 PhgP=S MesSi—N , R = t+Bu; 91%
SiMes SiMe; Cy R

Scheme 41 Synthesis of 1,3,2,4-dithiadimetalletanes by the desulfurization of the corre-
sponding tetrasulfides

Tbt(Ar)Ge(S;)(S)CPh,, is obtained together with Tbt(Ar)Ge(OH)(SH), the
formation of which can be explained in terms of the hydrolysis of the inter-
mediarily generated germanethiones Tbt(Ar)Ge=S (Scheme 43) [52, 118]. By
contrast, the reaction of 1,2,4,5-tetrathia-3-germacyclohexane Tbt(Mes)-

Tbt\s S~s 4RgP 1L
n n:
Tip© s-S -4 ReP=S Tip’

Scheme 42 Synthesis of a stannylene by desulfurization of the corresponding tetrasul-
fide

Ge(S;),CPh, with P(NMe;,); hardly proceeds even in refluxing THF, and af-
fords only Tbt(Mes)Ge(S;)(S)CPh; in 5% yield accompanied by the starting
material (91%). This fact indicates that the 2-position of the former 1,2,3,5-
tetrathia-4-germacyclohexanes is exposed to an attack by the phosphorus

ot, -8 P(NMey)s (3-4eq) TPt S~g ot SH
. Ge_cpn, T, S8
Ar S_Cphg THF, r.t., 10 h Al’/ ‘S‘ 2 Ar OH
Ar = Mes 83% 12%
Ar=Tip 37% 47%
Tht S—S\ P(NMe 1e Tht S\S Tobt S—S\
e oph, —ezls (69 Gé Lot Ge CPh
Mes S-S THF, reflux, 10 h Mes S™ 72 Mes" S-S
5% 91%
Tbt\ /S_S\ P(NMeg)a (1 eq) Tbt\ /S\S Tbt\ /s\
/Sr\] /S Sn CI;Ph + /Sn\ /CPhQ
Tip” 'S—CPh, THF, rt,10h Tip” sTvTh2 Tip© S
35% 26%

Scheme 43 Desulfurization of tetrathiametallacyclohexanes
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reagent, while both sulfurs in the latter 1,2,4,5-tetrathia-3-germacyclohexane
are sterically protected. The reaction of a tin analog, Tbt(Tip)Sn(S;)(S)CPh,,
with equimolar amounts of P(NMe,); results in the formation of
Tbt(Mes)Sn(S,)(S)CPh, and Tbt(Mes)Sn(S),CPh, in 35 and 26% yields, re-
spectively [119, 120].

Desulfurization reactions of transition metal-polysulfido complexes have
also been reported. The treatment of a dimetallic complex of titanium,
[{Ti(Cp)(OAr)},(-S)(u-S,)] (Cp=1-CsHs, Ar=2,6-i-Pr,C¢H3), with an equi-
molar amount of PhsP results in the quantitative formation of
[{Ti(Cp)(OAr)},(u-S),] via the transformation of the u-S, ligand to a u-S li-
gand (Scheme 44) [93]. The reverse reaction of [{Ti(Cp)(OAr)},(u-S),] with
Ss proceeds in a good yield.

Cp"-T'iS_S-‘ri~“OAr PhzP (1 eq), benzene, r.t., quant Cp"'Ti/S\Ti"‘OAr
A L RN
A0 8" Cp g, (1.3 eqas S), benzene, 60 °C, 78% ArG™ g” “Cp
Cp = n®-CsHs, Ar = 2,6-i-PryCgHz
O, SH
N/ EtgP $H
(PhaP)2| g-No~g |-2DMF (PhaP)a|  Nb=s 85%
Y DMF, rt. s g
ﬁ PhsP (4 eq) &
Ae Re/\\s‘ae/ 24.5%
_g§~,'$=S~ CHyClI, or CHClj, r.t. ST
s<SF%Ss  otORorcHo ST
s—s S
7oA
* * . S Cp*
Cp \RU‘SARU/Cp EtzP(5 eq) Cp*i.. u/ N 'l\SI"Hu/ p 159
N > P \S' \ °
g VAV-.,S THF, r.t. EtsP S PEt,
S

Scheme 44 Desulfurization of transition metal polysulfido complexes

The reaction of (PhyP),[Nb(O)(S,),(SH)]-2DMF with Et;P in DMF gives
(Ph4P),[Nb(S);(SH)] together with Et;PO and Et;PS (Scheme 44) [84]. The
formation of Et;PO suggest that the abstraction of the oxygen atom from the
Nb=0 group occurs to afford an intermediary Nb(III) species which is sub-
sequently reoxidized to the final Nb(V) compound. As mentioned above
(Scheme 26), (Ph4P),[Nb(S);(SH)] reacts with BzSSSBz (Bz=benzoyl) in wet
CH3CN to give (Ph4P)2[Nb(O)(Sz)2(SH)]

In addition, it has been reported that the rhenium polysulfido complex
[Re(Cp*)(S5)(S4)] (Cp*=n>-CsMes) undergoes desulfurization with Ph;P to
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the binuclear complex [{Re(Cp*)(S4)}2] (Scheme 44) [69]. The trinuclear het-
erometallic cluster [(u,-S;)(RuCp*),(2-S)2(13-S)YW(S)] with bridging sulfur
ligands reacts with excess Et;P to give [RuCp*(PEts)(u-S),W(u-S),RuCp*
(PEt;)] in 15% yield via the loss of the S, ligand [82].

4.3
Oxidation Reactions

Oxidation of MoCp,(S;) (Cp=n>-CsHs) by m-CPBA (m-chloroperbenzoic
acid) gives the corresponding S,0 complex MoCp,(S,0) in a good yield
(Scheme 45) [121]. The tetrasulfido complex MoCp,(Ss) treated with m-
CPBA at —78 °C affords the 2-oxo isomer of MoCp,(S40) as the final product

o
e

Cr. s m-CPBA (1 eq) O, 8 0

ML ML 82%
Cp CHyClp, =50 °C ~r t, Cp

0
S co. 8 cp, S-g7°

Cp. S~ - N P /2T

/Mo/\ ? m-CPBA (1 A oeq) /MO/\ ? —~ /MO/\ ? 52%
cp’ §-S  CHyCly —78°C oy g-S t cp’ s-S

Cp = 1°-CsHs; m-CPBA = m-chloroperbenzoic acid

Scheme 45 Oxidation of molybdenum polysulfido complexes

in 52% yield. Monitoring of this oxidation reaction by '"H NMR spectroscopy
revealed the initial formation of the 1-oxo isomer, followed by an oxygen mi-
gration to give the 2-oxo isomer, which is the thermodynamically stable
product.

The monooxidation of the disulfido complex of platinum
[Pt(S){P(Bbt)Me,},] with an equimolar amount of m-CPBA in CH,CI, is
complete at -20 °C within 2 h and gives the S0 complex
[Pt(S,0)(PBbtMe,);] (Scheme 46) [122]. Further oxidation of the S,0 com-

o
Bbt(Me)oP b S MCPBA(1eq) _ Bot(Me}R _s7

Bbt(Me):P” S CHuClp, —20°C  Bbt(Me),P” S
65%

TBHP (3 eq) Bbt(Me).R, O ,O
e Pt S
CH20|2, r.t. Bbt(Me)gP/ S/ \o TBHP = +-BuOOH

30%

Scheme 46 Oxidation of platinum disulfido complexes
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plex using 3 equivalents of TBHP (tert-butyl hydroperoxide) unexpectedly
yields the S,0; complex [Pt(S,05)(PBbtMe;),]. These results are in contrast
to the reported exhaustive oxidation of a disulfido complex of iridium,
[Ir(S;)(dppe).]™  (dppe=1,2-bis(diphenylphosphino)ethane), to the S,0,
complex [Ir(S,0,)(dppe),]* via [Ir(S,0)(dppe),]* [123].

4.4
Sulfur Transfer Reactions

Titanocene pentasulfide TiCp,(Ss) has been used as a sulfur transfer reagent
in the synthesis of a variety of organic and inorganic sulfur compounds. The
reactions of TiCp,(Ss) with Ph3CCl, C,H4(SCl),, CH3CsH3(SCl),, and RSeCl
(R=4-CIC¢H,) result in the exchange of the Ss*~ unit with the CI- ligands to
give Ph;CS;CPhs, C,H,S7, CH3CsH;3S7, and RSeSsSeR, respectively, along with
Ti(Cp)2Cl, (Scheme 47) [124, 125]. The driving force of these reactions is

Ph3CCI (2.6 eq)

Ph3C-S5-CPhs  83%

CS,, 20 °C, 48 h
—TIszC'g
,S‘S*s
C2H4(SCI)2 (1 eq) H,C 2
! S 31‘70
CH,Cly, 20 °C, 40 min HC g
—TiCp.Cl, S-s
S-S,
CH3CgH3(SCI S
4, 20 °C, 40 min J
~TiCp;Clp Me s-gS
Cp, S-S RSeCl (1 eq)
Ti S - RSeSsSeR  83%
Cp/ ‘5—-8 CS,, 20 °C, 5 min
—TICng'g
Sg(CN)s (1 e
o(CN)z ( q_) Sy + TiCpa(NCS),
CS,, r.t., 45 min
18% 72%
TTP)Mo(PhC=CPh
(TTP)Mof ) (TTP)Mo=S
toluene, r.t., 24 h 42%
(TTP)TiF
(TTP)Ti(Sp)
[Ir(dppe)2ICI
[Ir(S2)(dppe)2]Cl

Cp =n5-CsHs; R = 4-CICgH4; dppe = (PhoPCHy),; TTP = meso-tetra-p-tolylporphyrinato

Scheme 47 Sulfur transfer reactions by the use of TiCp,Ss
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the strong affinity of the titanium atom toward the CI™ ligand. The exchange
reaction with the SCN™ ligand also takes place in the reaction of TiCp,(Ss)
with S¢(CN), to yield cyclononasulfur [126]. In the reaction with low-valent
metal compounds such as (TTP)Mo(PhC=CPh) (TTP=meso-tetra-p-tolyl-
porphyrinato), (TTP)TiF, and [Ir(dppe),]Cl (dppe=(Ph,PCH,),), TiCp,(Ss)
acts as a transfer reagent for S~ or S, units to afford (TTP)Mo=S,
(TTP)Ti(S,), and [Ir(S,)(dppe),]Cl, respectively [127, 128].

The dinuclear complex (TiCp';),(u-S;); (Cp'=CsHsMe) transfers the S,>-
unit in the reaction with Ph;CSSCI to yield (Ph;C),Ss (Scheme 48) [129].

Ph3zCSSCI
Ph3C—Ss—CPhs
, — \ RSeCl
cp, S8 _op | RSeS,SeR (n = 1-7)
.’TI\ /TI\ ' CSQ, 4 °C
Cp" s-s Cp
COcClI s
2 (TiCp'2Cl)2(n-Sa)
CSy/toluene, 0 °C, 10 min
- COS 18%

Cp' = C5H4Me; R= 4-C|CGH4
Scheme 48 Sulfur transfer reactions by the use of (TiCp’;),(1-S2)2

However, the reaction with RSeCl (R=4-CIC¢H,) gives a mixture of (RSe),S,
(n=1-7) and R,Se; [125]. Heating of this mixture results in the formation of
a more complicated mixture, (RSe),S,, (n=0-10), instead of the convergence
to a thermodynamically stable compound. When a toluene solution of phos-
gene is added to a solution of (TiCp';),(1-S,), in CS,, the acyclic trisulfido
complex (TiCp’,Cl),(u-Ss) is obtained in 18% yield [130].

The chelate complexes TiCp,(S¢C¢Hjo) and TiCp,Ss undergo exchange re-
actions of the polysulfido ligands with chloride anions. The former reacts
with SCI, to afford 7,8,9,10,11,12,13-heptathiaspiro[5.7]tridecane, and the re-
action of the latter with 1,2-benzodisulfenylchloride gives benzode-
cathioundecene (Scheme 49) [34].

Cp._ .S«

TSN . sCh 8~g-8-s7 7 a0%
Cp Sy CSZ, r.t. S/S\S
X+y= 6 —Cp2T|C|2
Cp sCl

gt - X

Ti=S ST+ S
cpy Ns—S—g-S sl CS2CHCly, —10°C @Cw

- CpgTIC|2
Scheme 49 Sulfur transfer reactions by the use of TiCp,(SsCsHjo) and TiCp,Sg
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Titanocene complexes with chelating S,NR ligands are useful for the syn-
thesis of sulfurimide heterocycles, S,NR. For example, [TiCp,(S;NH)] reacts
with SCI, and S,Cl, at 20 °C in CH,Cl, to afford the corresponding polysulfur
imides, SgNH and SoNH, respectively (Scheme 50) [131]. The synthesis of

SnCly (0.89-0.94 eq)

=1:33%
SyaNH =T
CH,Cly, 20 °C, 30 min n n=2:54%
[TiCpo(S7NH)]  — —TiCp2Cl,
S4(SCN), (0.89 e
4(SCN)2 ( q) I
CHoCl,, 20 °C, 30 min
SmCl> (1 eq) _ 1 87%
[TiCpa(i-S2)2N(n-Oct)] mE SeNR M= 187 o/
CHyCly, 20 °C, 30 min m=2:91%
—TiCpoCly

Scheme 50 Sulfur transfer reactions by the use of [TiCp,(S;NH)] and [TiCp,(SsNR)]

S11NH is achieved by the reaction of [TiCp,(S;NH)] with S4(SCN), at 20 °C
in CH,Cl,. Moreover, [TiCp,(S4NR)] acts as a SyNR transfer reagent. The re-
actions of [TiCp,{S;N(n-Oct)}] with SCl, and S,Cl, in CH,Cl, at 20 °C results
in the rapid and quantitative formation of the novel cyclic sulfurimides
SsN(n-Oct) and S¢N(n-Oct), respectively [36].

It has been reported that the zinc hexasulfido complex, Zn(Ss)(TMEDA)
(TMEDA=N,N,N',N’ -tetramethylethylenediamine) acts as a sulfur transfer re-
agent in an analogous manner as the above-mentioned titanium polysulfido
complexes. The sulfur transfer reaction between Zn(Sg)(TMEDA) and
TiCp,Cl, cleanly proceeds at room temperature to afford ZnCl,(TMEDA)
and TiCp,Ss together with Sg (Scheme 51) [132]. This result suggests that

Meo
) N, Cl Cp, S-S
CpTiCl, [ i+ T 5 o+ 18Sg
Mer ¢ acetone, r.t., 20 h l’\\llle Cl Cp S-S
[N\ 575 2 ~80%
Zn o —
LN S Me,
N —_—e
Me, > SexCl EN‘Zn'CI N S\S/S\S7Se
CS,, —60 — —10 °C, 2h N Cl Ns-8~3¢
Me, 62%

Scheme 51 Sulfur transfer reactions by the use of Zn(S¢)(TMEDA)
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Zn(S¢)(TMEDA) is superior to TiCp,Ss in the sulfur transfer ability. The use-
fulness of ZnS¢(TMEDA) as an Sg transfer reagent is demonstrated in the re-
action with Se,Cl, to give S¢Se, via the exchange between Ss72 ligand and the
chloride anions.

A catalytic episulfidation of the strained olefins (E)-cyclooctene and (E)-
cyclononene has been achieved by taking advantage of the sulfur transfer re-
action from a molybdenum disulfido complex, Mo(O)(S,)(S,CNEY,),, toward
olefins [133]. Heating of a mixture of (E)-cyclooctene or (E)-cyclononene, 2
equivalents of S as Sg, and catalytic amounts (0.07 eq.) of Mo(O)(S,CNEt,),
in acetone at 56 °C for 15 h results in the formation of the corresponding
trans-episulfide together with the (Z)-isomers of the olefins (Scheme 52). In

Sg(2eqasS)
/l\/> Mo(O)(S,CNE,), (0.07 eq) O
(HZC\)D)I acetone, 56 °C, 15 h (HC)- )
69% 20%

1
2 87% 10%

Scheme 52 Catalytic episulfidation of strained olefins by the use of Mo(O)(S,)
(S,CNEt,),

these reactions, Mo(O)(S2)(S,CNEt,),, generated from Mo(O)(S,CNEt,), and
Ss, transfers a sulfur atom toward the strained olefin, and the further ab-
straction of the sulfur atom from the resulting Mo(O)(S)(S,CNEt,), gives the
initial oxo complex, Mo(O)(S,CNEt,),, again (Scheme 53).

s 9 s (P
Et,N—C Mo_ D>—NEt
VAS, 2 {S/ \s>_ 2 (H0);
|
(H:C )

)
/ S 1.
Eth—<C \Mo \s Eth—<(S M

s\\)< lsQ(
NEt, ><( NEt,

5C
(H:0p) (HQC)n—)

Scheme 53 Plausible mechanism for catalytic episulfidation of strained olefins by the
use of MO(O)(Sz)(SchEtz)Z
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4.5
Reactions with Carbenes

Reactions of cyclic tetrasulfides containing a heavier group 14 element,
Tbt(Ar)MS,; (M=Ge, Ar=Mes or Tip; M=Sn, Ar=Tip), with diphenyl diazo-
methane gives 1,2,3,5-tetrathia-4-metallacyclohexanes, 1,2,4,5-tetrathia-3-
metallacyclohexanes, and 1,2,4-trithia-3-metallacyclopentanes (Scheme 54)
[52, 118-120].

Tbt, S~5  PhsCNj (excess)  Tbt, S7S Tbt, S8 + Tbt, S-s
M L M S + M CPh2 M ]
AF 'g-S  benzene, reflux A’ s—CPh, A’ g-d Af 'g-CPhz
M = Ge, Ar = Mes 38% 18% 14%
M = Ge, Ar=Tip 50% 13% —
M = Sn, Ar=Tip 23% 23% 8%

Tbt = 2,4,6'{CH(SiM83)2}3C6H2; Mes = 2,4,6-M6306H2; Tlp = 2,4,6-(CHM62)3CGH2

Scheme 54 Reaction of cyclic tetrasulfides containing a heavier group 14 element with
diphenyl diazomethane

These tetrathiametallacyclohexanes are probably formed via the initial at-
tack of diphenylcarbene, generated from the corresponding diazo com-
pound, on a sulfur atom and subsequent ring expansion (Scheme 55). The

Tot, S-g _
M g Tht, S) path ¢ Tths S\CPh
- , 2
Ph,C: J path a b* path d
/ —Ph,C=S
Tbt, S~gya
M 22\ t. .S PhCt  Tbt S-g
Ar ‘S/+\6Ph ’M‘ ’S ’M‘ (I:Ph
v/ 2 Ar ‘s~ 2
b
—PheC=S
path b path e
Tbt, S Tot S-S
,M\ ('e path f M :S
Ar Cth A’ 's-CPh,

f

Scheme 55 Possible mechanism for the reaction of cyclic tetrasulfides containing a heav-
ier group 14 element with diphenyl diazomethane
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formation mechanism for the trithiametallacyclopentanes is interpreted in
terms of the ring extraction accompanied by the elimination of thioben-
zophenone after the above-mentioned attack of the carbene, followed by the
second attack of the carbene on the sulfur atom of the resulting Tbt(Ar)MSs;.

4.6
Reactions with Unsaturated Organic Molecules

The insertion reaction of dimethyl acetylenedicarboxylate (DMAD) into the
S-S bond of a cyclic disulfido complex of niobium, Nb(S,)(S,CNEt,);, takes
place to give the corresponding dithiolene complex, Nb{S,C,(CO,Me),}
(S,CNEt,); (Scheme 56) [134].

Et‘*N'Et Et\)\N,Et
SO R——R S os
\ i = N\ i
s\ >N R -S—No_ »~N_ 37% R=co,CH
W NPsg” e s B o
1 S8 CICH,CH,C, reflux, 2 h \ o7/ g
S;/( R S
N-gt N-Et
£ Ef
Bt Bt Et Etey T
* Et*N\w\ R ‘\ R
s~ Et — 128 KB(R
S—wE >N — Ao stn + B 5=
LIS Bl CICH,CH,C, reflux, 16 is ds Xs/ /s
S R \< R SL/(
N—Et N-Et N-Et
o Ei Ef
29% 58%

Scheme 56 Reaction of niobium and molybdenum disulfido complexes with alkyne

By contrast, the reaction of the molybdenum disulfido complex
Mo(S,)(S,CNEt,); with DMAD results in the formation of Mo{SC
(CO,Me)=C(CO,Me)SCNEt, HS,C,(CO,Me),}(S,CNEL,) and Mo{SC(CO,Me)C
(CO,Me)C(NEt,)SHS,C,(CO,Me),}(S,CNEt,). The formation of these com-
plexes may be explained in terms of the initial insertion of DMAD into the
S-S bond, followed by the elimination of a dithiocarbamyl radical with con-
comitant incorporation of the second DMAD unit and formation of thiuram
disulﬁde, (SzCNEtz)z.

The dinuclear rhenium disulfido complex with u,17*-S, ligands
(ReCp'),(u-S,), (Cp'=n-CsMe,Et) (type Ila; complex in Fig. 2) undergoes an
insertion reaction of acetylene and ethylene into the S-S bond according to
Scheme 57.

The zinc tetrasulfido complex ZnS4(PMDETA) (PMDETA=pen-
tamethyldiethylenetriamine) reacts with alkynes and CS; to give the dithio-
lene complexes ZnS,C,(CO,Me),(PMDETA) and ZnS;CS(PMDETA), respec-
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HC=CH (2 eq) S-S

~S,
Cp‘—Re/ Re-Cp' 65%

CHHCN, rt., 4d S

s RS

C Re—Re C —

PR .

_ S..8

H,C=CHy(2 e PN
Cp' = 15-CsMeyEt 2 2028d) oo Ré——Re-Cp' 44.5%

CH4CN, rt,, 3d N

Scheme 57 Reaction of (ReCp’),(u-S,), with acetylene and ethylene

tively, accompanied with the elimination of an S, unit (Scheme 58) [111].
The reaction of ZnS¢(TMEDA) (TMEDA=tetramethylethylenediamine) with
alkynes also gives the dithiolene complex ZnS,C,R(CO,Me)(TMEDA)
(R=CO,Me, H) with the release of the S, unit [47].

M Me
_ N R
R——R Me{;Z\r{SI R =R' = CO,Me: 86%
—_ LR . O,
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N ) [\l
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i
n | _
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N 5§ 48 N
Mé Me Mé Me
R=R=COsMe: rt, 9h 46%
R=CO,Me, R'= H: 60 °C, 19 h 42%

Scheme 58 Reaction of zinc polysulfido complexes with acetylenes and CS,

Matsumoto et al. reported some reactions of diruthenium complexes con-
taining a bridging disulfide ligand with unsaturated compounds such as ole-
fins and ketones [135]. These diruthenium complexes show unique reactivi-
ties towards double-bond systems since the S-S bond has some double bond
character from the contribution of the canonical structure B in Scheme 36.

The reaction of the diruthenium disulfido complexes [{Ru(MeCN);
(P(OMe)s)z}z(ﬂ-Sz)]4+ and [{RU(MQCN)(P(OMe)s)z}z(ﬂ'Cl)z(ﬂ'Sz)]2+ with
1,3-dienes results in the formation of [{Ru(MeCN); (P(OMe)s),},
{u-SCH,C(R)=C(Me)CH,S}]*" and [{Ru(MeCN)(P(OMe);)},(u-Cl),{u-SCH,C
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(R)=C(Me)CH,S}]**, respectively, via [2+4]cycloaddition reactions
(Scheme 59) [135, 136]. It has been proposed that these reactions can be ex-
plained as Diels-Alder type additions. These reactivities are similar to those
of unstable free disulfur prepared in situ, and different from those of their

P R R
NI _N N M (excess) p 7/8
N._I_N N
P/RIU\S/S\R|U/P (SO3CF3)4 RULL S| (SOsCFa)y
N N" | >N MeCN, r.t., 1h PT I g au—"
N N” | N
P R=H, 78% L
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P = P(OMe)3; N =N=CMe

S—S P H H

P
\ / N/
P_BH\/BU\_P (SO3CFg)» R §—S P (SOsCF3)2  49%
N cI™cl N CHaCla, 1, 3h P-RU_ _RU—P
/ \\// N
N Clcl N

Scheme 59 Reaction of diruthenium disulfido complexes with 1,3-dienes

PMe; analogues, [{Ru(MeCN)(PMes),3},(1-S;)]** and [{Ru(MeCN)(PMe;)},
(u-Cl)p(u-S;)]1**, and other bridging disulfido complexes such as [{Ru

(NH3)s}a(1-$2)1*" and [{Ru(Cp)(PPhs)}r(u-S5) 17"
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Scheme 60 Reaction of a diruthenium disulfido complex with olefins
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In addition, Matsumoto et al. reported that the reaction of
[{Ru(MeCN);(P(OMe)3),}2(1-S,2)](CF5S04)4 with various types of alkenes re-
sults in a C-H bond activation on the bridging disulfur ligand of the diruthe-
nium complex. The diruthenium disulfido complex reacts with terminal al-
kenes such as 1-pentene, allylethylether, allylphenylether, and 1,4-hexadiene
at room temperature to give the complexes with a C;S, five-membered ring,
[{Ru(MeCN)3(P(OMC)3)2}2(#-8CH2CH2CR1RZS)](CF3SO4)4 (Scheme 60) [137,
138].

On the other hand, the reaction with allyl halide and methylenecyclohex-
ane results in the formation of [{Ru(MeCN)s;(P(OMe)s),},(u-SCH,CH=
CHS)](CF3804)4 and [{Ru(MeCN)3(P(OMe)3),},{u-S(CH,CsHo)S} (CF3S04) 4,
respectively (Scheme 60) [137-139]. The key steps in all of these reactions
might be the addition of an allylic C-H bond to the S-S bond to form the C-S
and S-H bonds (Scheme 61). In the case of R*=H, the liberated hydrogen
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Scheme 61 Plausible mechanism for the reaction of diruthenium disulfido complexes
with olefins
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Scheme 62 Reaction of a diruthenium disulfido complex with ketones

atom of the S-H bond seems to be transferred to the neighboring carbon
atom after the C-S bond rotation, and then the terminal carbon atom forms
the second C-S bond to give the C;S, ring. In the reaction with allyl halide,
the ring closure accompanied by the elimination of HX (X=Cl, Br) occurred
to afford the product having a 1,2-dithiolene ring. The deprotonation from
the key intermediate before the C-S bond rotation, which is hindered by the
bulky substituent, takes place in the reaction with methylenecyclohexane,

and the subsequent migration gives the final product.

In addition, the reactions of [{Ru(MeCN)3;(P(OMe)s3),}2(1-S5)](CF3S04),4
with haloalkenes [139], alkynes [140] and hydroxyl substituted alkenes and
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alkynes [141] have been reported to proceed via the above-mentioned C-H
bond activation on the S-S bond of the diruthenium disulfido complex
[{Ru(MeCN)3(P(OMe)3)2}2(1-S2) | (CF3S04) 4.

Another type of C-H activation on S-S bonds has been observed in the re-
action of [{Ru(MeCN);(P(OMe)s),},(u-S;)]** with ketones. Treatment
of [{Ru(MeCN);(P(OMe)s),},(u-S;)]** with various ketones results in the
formation of the corresponding ketonated complexes, [{Ru(MeCN);
(P(OMe)3),},{u-SS(CHR!COR?)}]** (Scheme 62) [142, 143].

In the reaction with butanone, an equilibrium between the CH;-activated
complex and the CH,-activated complex is observed and it is revealed that
the former is a thermodynamic product and the latter is a kinetic product.
These results indicate that the relative reactivity of the C-H bonds is in the
order of 2>1>3, and the large and electron-withdrawing substituents retard
the reaction. A plausible mechanism is shown in Scheme 63. When the oxy-

H
1
R2 B2 R 4+ R2 4+
1
4+ T\R \ﬂ/'<H R H
; [ H;

Ru. = 0 o~
\S/ \RU —_— —— R\ ; i
Ru S U i >
H
R2 4+ RZ 3+
R'H R'H
VoA il
—_— | - .
Ru_ |{S - H* Ru | =S
\S/ \Ru \S/ .}Ru

Scheme 63 Plausible mechanism for reaction of a diruthenium disulfido complex with
ketones

gen atom of the ketone is coordinated to the Ru center and the o-C-H bond
of the ketone is oriented parallel to the S, moiety, metathesis could occur be-
tween the C-H o bond and the formal S=S 7z bond to form the C-S and S-H
bonds. The reaction is completed by the deprotonation of the S-H bond.

4.7
Reactions with Transition Metal Complexes

Reactions of tetrathiastannolanes bearing bulky substituents with groups 6
and 8 transition metal carbonyls have been reported. Tbt(Tip)SnS, reacts
with W(CO)s(THF) in THF at room temperature to give Tbt(Tip)SnS,W
(CO)s in 40% yield (Scheme 64) [144].

The reaction of Tbt(Tip)SnS4 with Rus(CO);, results in the formation of
the triruthenium complex [{Ru(CO)}HRu(CO)s},{Sn(Tbt)(Tip)}(t2-S)(13-S)s3]
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Tht S< Tbt S /W(CO)S
el 2 + WCOBTHF) —— = gy S 40%
Tip S~ THF, rt,10h Tip/ \S’S
Tht S~
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Tip/ s-S M = Ru: toluene, 80 °C, 10 h
M = Os: toluene, reflux, 10 h
Ti Tbt Tbt
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(CO)3 (CO)3
M = Ru: 50% - 11% —
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Tht= 2,4,6-[CH(SiM63)2]306H2; Tip = 2,4,6-(CHM92)306H2

Scheme 64 Reaction of tin tetrasulfide with transition metal complexes

and the diruthenium complex [{Ru(CO);},{Sn(Tbt)(Tip)}(us-Y),] [144]. Fur-
thermore, the triosmium complexes [{Os(CO),}{Os(CO)s}, {Sn(Tbt)
(Tip)}(us-S)s] and [{Os(CO)s}3(u3-S)2] have been isolated together with the
osmium analogues of the above-mentioned ruthenium complexes in the re-
action of Tbt(Tip)SnS, with Os;(CO);, [144, 145]. The formation of these
complexes containing group 8 metals and tin is explained in terms of the ini-
tial formation of [{M(CO)s}5(u3-S);] (M=Ru, Os), which are known to be
generated in the reaction of M(CO);, with elemental sulfur.

Hidai et al. have reported the reaction of a diruthenium complex,
(RuCp*),(u-Si-Pr),(u-S,), with zerovalent complexes of group 10 metals,
[M(PPh;),] (M=Pd, Pt) (Scheme 65) [146]. The reaction with the Pt complex

Cp* “\ R/Cp*
=l
M =Pt (1 eq) s
toluene, 75 °C, 8 h S~ /P ”S
. . N
FPry ,l-Pf 39% PhsP” PPhg
Cp* Fi//\\ _Cp* + [M(PPhg)s] — SI—Pr
s—s Cps e \\R
M= Pd (2 eq) U\Pd/u
Cp* = ns'CsMes \ \
toluene, reflux, 8 h / '/—S
49% i-PrS/P‘i
PPhg

Scheme 65 Reaction of (RuCp*),(u-Si-Pr),(u-S,) with zerovalent platinum and palladi-
um complexes
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results in the insertion reaction of the Pt atom into the S-S bond of the
diruthenium complex to give [(Ph;P),Pt(i-S),(RuCp*),(u-Si-Pr),]. By con-
trast, the tetranuclear cluster [Pd,(PPh;)(Si-Pr)(u-Si-Pr)(us-S)2(RuCp*),] is
obtained in 47% yield from the reaction with the Pd complex.

In addition, the reaction of the diruthenium complex [Ru,Cp*,S4] with
[RhCp*(MeCN);](PFs), has been reported to afford the trinuclear cluster
[RhRu,Cp*3S4(MeCN)](PFq), in 85% yield (Scheme 66) [147].

* /C *
S—s P \Ru\S/Ru P
P8 [RhCp*(MeCN)3J2* (5 eq) N |
Cp*—Ru RU—CD* S' \S
\></ MeCN, THF, r.t., 12 h ~_
S=S Rh
85% Cp/ \NCMG

Cp* = T]S'C5M85

Scheme 66 Reaction of [Ru,Cp*,S4] with a rhodium complex

4.8
Reductions by Metals

Tetraruthenium cluster complexes have been synthesized by the reaction of

[{Ru(Cl)(P(OMe)3),}2(1-Cl)o(1-S;)]  with Mg, Na, or Na amalgam
(Scheme 67). The removal of the terminal chlorine atoms from

2+ >/ \\
P oo P L
AgCFSSOC’: (2 EQ) P\’" S S :;P Mg (excess) H\ /

{ VA
CH3CN, 20 °C /RUC]/(:::!uAN MeOH. 50 °C. 3 d /, S\\/R oz \H
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29% s/ \P P
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) S— p \ /p o\ //CI \ /
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Scheme 67 Reaction of a diruthenium disulfido complex with metals
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[{Ru(Cl)(P(OMe);),},(u-Cl),(1-S,)] with Ag*™ and the subsequent reduction
by Mg in MeOH results in the formation of the Ru(II),Ru(III), mixed-valent
tetranuclear complex [Ru{P(OMe)s},]4(u-H),(1-S)2(1ts-S), (Scheme 67)
[148]. While the reduction of [{Ru(Cl)(P(OMe)3),},(u-Cl),(1-S,)] with an ex-
cess of Na in THF gives the Ru(II);Na, hexanuclear cluster complex
[Na,Rus{P(OMe)s}4(1-Cl)4(ta-Cl)2(1:177-S5)2(1-P(OMe)3-BO)4 |- THEF  [149],
the reaction using 2 equivalents of sodium amalgam at —37 °C leads to
the formation of the tetranuclear Ru(II) complex [RuCl(u-Cl)
{P(OMe)s},(1,n",17*-S;)Ru{P(OMe);}{u-P(OMe);-P,0}], [150]. It has been pro-
posed that the initial step of the latter reaction is the reduction of the two
Ru(III) centers to Ru(II) by 2 equivalents of metallic sodium, concomitant
with removal of the bridging chloride ligands by Na* as NaCl to afford an
intermediate, [RuCl{P(OMe);},(s0l),],(1-S,). The subsequent coupling reac-
tion of the intermediate leads to the final product.

4.9
Other Reactions

The reaction of [Pt(S;0)(PPh;),] with H,S has been studied from the stand-
point of the chemistry of the Claus process [88]. The Claus process implies
the reaction between H,S and SO, over alumina at 300 °C to give sulfur and
water with very high efficiency. This process has been used for the disposal
of H,S, which is generated in the hydrodesulfurization (HDS) of sulfur com-
pounds in fossil fuels. [Pt(S;0)(PPhs;),] reacts with H,S at room temperature
in THF to afford the corresponding thiol cis-[Pt(SH),(PPhs),]. Since the re-
action of cis-[Pt(SH),(PPhs),] with SO, gives [Pt(S;0)(PPh;),] in good yield
(see above, Scheme 29), [Pt(SH),(PPh;),] and [Pt(S;0)(PPh;),] may act as

PhsP  sH SO,
3/8Sg + HyO ~— HyS30 o P,Pt\SH
3
o J/‘
SO,
PhsP  sH i
P sH PhaP\PtISH
PhgP” S—S 5
3 o PhsP” SH
HpoS )
PhgP.
PhsP s 3 \Pt,SH o
Pt_’s=0 ohep” S-S
PhgP” S 3 o
Ho0

Scheme 68 Potential mechanism for the Claus reaction catalyzed by cis-[Pt(SH),(PPhs),]
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catalysts for the Claus process. Actually, these complexes catalyze the reac-
tion of SO, with H,S to give Sg and H,O in good yield (Scheme 68).

The diiridium complex (IrCp*),(u-So)(u-Si-Pr), reacts with 3 equivalents
of NaBPh, in CH,Cl,/THF at room temperature to the formal Ir(III)/Ir(II)

Cp*\ Cp*

Ir. Ir” S—S
I NaBPh, o,/ O
g7 -Pr i-Pr s \S\g/ (BPhy)
s g CHoClo/THF, r.t., 3 d S8
5-S~g 44% -Pr i-Pr

Cp* = n5-05M95

Scheme 69 Reaction of a diiridium nonasulfido complex with NaBPh,

mixed-valent complex [(IrCp*),(u-S,)(u-Si-Pr),](BPh,) via degradation of
the i-Sy ligand accompanied by one-electron oxidation of the dimetallic cen-
ter (Scheme 69) [65]. The fate of the eliminated "S;™" unit could not be clari-
fied.
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Abstract Sulfur is the element with the largest number of binary oxides. In this chapter the
lower sulfur oxides are reviewed most of which contain more sulfur than oxygen atoms per
molecule and all have at least one sulfur-sulfur bond. They may exist as gaseous compounds
consisting of small molecules (S,0, $,0,), as crystalline materials (S¢0, S;0, S;0,, S50, S50,
S100), or as polymeric non-stoichiometric materials (polysulfuroxides). In each case the
oxygen atoms are present as part of a sulfoxide group. In some cases adducts with Lewis
acids have been prepared, e.g., SsOSbCls, (S30),SnCly, and S;,0,(SbCls),. The preparation,
thermal stabilities, molecular structures, spectra, and reactions are described.
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1
Introduction

The sulfur-rich oxides S,0 and S,0, belong to the group of so-called “lower
oxides of sulfur” named after the low oxidation state of the sulfur atom(s)
compared to the best known oxide SO, in which the sulfur is in the oxida-
tion state +4. Sulfur monoxide SO is also a member of this class but is not
subject of this review. The blue-green material of composition “S,05” de-
scribed in the older literature has long been shown to be a mixture of salts
with the cations S4** and Sg** and polysulfate anions rather than a sulfur ox-
ide [1, 2]. Reliable reviews on the complex chemistry of the lower sulfur ox-
ides have been published before [1, 3-6]. The present review deals with
those sulfur oxides which contain at least one sulfur-sulfur bond and not
more than two oxygen atoms. These species are important intermediates in
a number of redox reactions of elemental sulfur and other sulfur com-
pounds.

This chapter is organized by compounds of increasing number of sulfur
atoms which also means increasing complexity. The simplest species is con-
sequently disulfurmonoxide S,0, a well investigated though unstable com-
pound consisting of bent molecules similar to SO,. Even less stable are S,0,
and S50 which have only recently been characterized in some detail. The
more sulfur-rich molecules S¢O till S;00 were isolated as pure crystalline
compounds consisting of homocyclic rings bearing exocyclic oxygen atoms
in the form of sulfoxide groups. Analogous structures are assumed for S50
which is known only in solution and for crystalline S;0,.

2
Preparation and Properties

2.1
Disulfurmonoxide S,0

2.1.1
General

Besides sulfurmonoxide SO, disulfurmonoxide S,0 is the most important of
the so-called lower oxides of sulfur. It is formed in numerous reactions, of-
ten from SO by disproportionation:

350 — $,0 + S0, (1)

S,0 was first prepared by Schenk in 1933 but he did not recognize it as
such but denoted it as sulfurmonoxide [7]. Meschi and Myers [8] showed by
mass spectrometry in 1956 that Schenk’s “sulfurmonoxide” was a 1:1 mix-
ture of S,0 and SO, in accordance with Eq. (1). Therefore, S,0 was usually
called “sulfurmonoxide” in the literature before 1956 and to some extent
even up to 1960. Sometimes it was erroneously believed that S,0, is present
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instead of S,0 after molecular mass determinations and other observations
had indicated a dimerization of SO. In the gas phase S,0 survives for several
days at pressures below 1 mbar (100 Pa) and at temperatures near 20 °C
while SO survives only for a few milliseconds. Thus, in each case it is usually
clear from the experimental conditions which compound was actually stud-
ied in those historic experiments. In liquid solutions S,0 is not stable but
immediately polymerizes with disproportionation. However, in solid solu-
tions at very low temperatures (matrix isolated) S,0 can be studied for ex-
tended periods of time.

2.1.2
Preparation

For the preparation of gaseous S,0 a vacuum line is needed which should be
well dried by pumping and baking. The partial pressure of S,0 has to be
kept well below 1 mbar (100 Pa). If only small amounts of S,0 are needed a
mixture of 2 g CuO and 10 g elemental sulfur is heated in a high vacuum to
250-400 °C. The liberated gas is passed through a glass wool filter to remove
SO; and sulfur vapor; it then contains up to 40% S,0 besides SO, [9]:

3Cu0+3/4Sg — 3CuS +S,0+ S0, (2)

Another useful method for the preparation of small quantities of the S,0
is the thermal decomposition of solid SgO in a vacuum (see below).

To generate a continuous flow of gaseous S,0 (or a mixture rich in S,0)
the following three methods can be recommended:

1. Gaseous thionyl chloride is passed through a layer of silver sulfide at 160 °C
under a pressure of 0.1-0.5 mbar (10-50 Pa) [10]. The silver sulfide is pre-
pared by precipitating aqueous AgNO; with freshly recrystallized Na,S$ fol-
lowed by repeated washing and decantation until no nitrate can be detected
anymore. This sample is then carefully dried by heating in a vacuum. The
gas prepared in this way contains up to 96% S,0 besides SO,. Some authors
used CdS or CusS instead of Ag,S, and some transported the thionyl chloride
vapor by a stream of helium gas:

SOCl, +Ag,S — $,0 +2AgCl (3)

2. A mixture of sulfur dioxide and sulfur vapor is passed through an electrical
discharge at 120 °C and a total pressure of 0.5-0.9 mbar (50-90 Pa). Behind
the discharge the gas is allowed to react with an excess of elemental sulfur
to increase the S,0 content which reaches 86% at most [11]:

SO, - SO+0 (4)
SO+S; — S,0+S (5)
S, +0— S,0 (6)
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3. Combustion of liquid sulfur, contained in a quartz vessel, in a stream of
pure oxygen under reduced pressure (8 mbar, 800 Pa) produces a mixture
of SO,, $,0, and little SOs; the latter and any sulfur vapor can be removed
by a filter of glass wool [12]. The S,0 content of the gas then reaches at
most 32% and decreases with increasing pressure [13]:

4Siq.+5/2 0, — S0+ 280, (7)

To determine the S,0 content of a gaseous mixture with SO, and other
volatile components the decomposition of S,0 according to Eq. (8) is uti-
lized:

2520—75024—3/8 Sg (8)

For this purpose, the mixture is condensed at —196 °C in a small weigh-
able trap equipped with two stopcocks. The net mass of the evacuated trap
has to be determined before. After weighing the trap containing the conden-
sate at 20 °C, the trap is evacuated at 20 °C to remove all volatile species, and
the stopcocks are closed. The residue of polysulfuroxide is then heated to
100 °C for a few minutes to initiate its quantitative decomposition to SO,
and elemental sulfur. After cooling to 20 °C the trap is evacuated again and
weighed. From the mass of the elemental sulfur and the total mass of the
original condensate the S,0 content of the gas mixture can be calculated as-
suming the decomposition at Eq. (8) [11].

Very approximately the S,0 content of a gas mixture can be estimated
from the color of the condensate at —196 °C in a glass trap (provided that all
other components are colorless at this temperature). Due to the formation of
highly colored decomposition products the condensate is yellow at <2 mol%
S,0, orange-yellow at 5-10%, orange at 20-30%, cherry-red at 40-70%, and
dark-red at >85% [10]. These colors [14] are caused by small sulfur mole-
cules like S; and S4 [15, 16] as well as by sulfur radicals formed in the radi-
cal-chain polymerization of S,0 to polysulfuroxides (S,0), and SO, [10, 17]:

28,0 — S; 4+ S0, 9)
x$,0 — (S,0), +ySO, (10)

The species S; (absorbing at 420 nm) and S, (absorbing at 530 nm) have
been detected by reflection spectra in the condensate but the formation of S4
is unexplained [16]. S; and SO, have also been observed by Raman spectros-
copy in such samples [15] (the expected S, Raman line at 678 cm™ was
probably obscured by the SS stretching mode of $S,0 at 673 cm™' but a
shoulder at the high-frequency side of the S,0 line indicates that some S,
may have been present). While the reddish colors turn yellow on warming at
about —120 °C, the sulfur radicals could be observed by ESR spectroscopy
up to 0 °C [10]. If the condensation of S,0 gas is performed very slowly at
—196 °C the condensate is almost colorless and turns red only if the temper-
ature is allowed to increase slowly. Hence, it has been suspected that S,0 is
actually colorless like SO,.
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In carefully dried (vacuum-baked) and sealed glass containers gaseous
S,0 can be kept at 20 °C and partial pressures of below 1 mbar (100 Pa) for
several days but at 180 °C the decomposition to SO, and sulfur is complete
within 1 min. At higher partial pressures gaseous S,0 decomposes at 20 °C
to SO, and a yellow, relatively stable solid polymeric sulfuroxide of composi-
tion S50 (see below). This decomposition is accelerated by traces of water
and by irradiation with UV radiation [18].

If gaseous S,0-SO, mixtures are dissolved in dry solvents such as CS,,
CCly, CHCI;, CH,Cl,, and liquid SO, at temperatures between —75 and
+25 °C, intense yellow solutions of polysulfuroxides are obtained which have
been characterized only very poorly [19]. In contrast to the opinion of some
authors [20], S,0 cannot be detected in such solutions, e.g., by infrared
spectroscopy. Most probably, mixtures of cyclic polysulfuroxides are present
besides SO, (see below, in particular the preparation of S50), e.g.:

x$,0 —S,0+ySO, (n=5,6,7...) (11)

Numerous oxidation reactions of sulfur compounds have been described
in which S,0 or its precursor SO are formed as intermediates but most of
these reactions are not suitable to investigate the properties of S,0 because
of the low yield or the interference from by-products [1]. A relatively clean
process is the reaction of oxygen atoms with COS producing SO and CO.
The formation of S,0 from gaseous SO is a stepwise process according to
the following equations (M is a collision partner) [21]:

280 +M = 8,0, +M (12)
$,0,+S0 — S,0+ S0, (13)
2S0 —S0,+S (14)
SO+S+M—S,0+M (15)

The rate constants for the reactions at Eqgs. (12) and (13) at 298 K are
1.6x10'7 cm® mol™? s! and 2x10'° cm® mol™! s7%, respectively [21].

S,0 and the polysulfuroxide formed from it are also suspected to be com-
ponents of the surface and the atmosphere of Jupiter’s moon Io [22], and
S,0 has been detected in the atmosphere of the planet Venus [23].

2.1.3
Molecular Structure

The structure of the S,0 molecule has been determined by rotational spec-
troscopy. The internuclear distances d and the bond angles o obtained by
two groups are as follows:

~- dso: 146.5(10) pm [24], 146.37(5) pm [25]
— dss: 188.4(10) pm [24], 188.248(10) pm [25]
- asso: 118.0(5)° [24], 118.26(7)° [25]
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Table 1 Geometrical parameters of the S,0 molecule [26]

Parameter Ground state (rg) Zero point (r,) Equilibrium (r,)
dso (pm) 145.7(15) 145.86(19) 145.61

dss (pm) 188.7(12) 188.52(22) 188.42

asso (°) 118.0(4) 117.91(17) 117.882

A careful structural analysis using additional microwave data of 95% en-
riched S,'®0 resulted in the 7y, r,, and r. geometries compiled in Table 1
[26].

From a similar analysis by Marsden and Smith using all the spectroscopic
data available in 1989 the following equilibrium structure was derived [27]:

- dso=145.56(9) pm, d55=188.48(7) pm, 0!055=117.858(3)°.

The r, geometry is very similar.

AD initio MO calculations at a high level of theory [28] support the open-
chain structure for the ground state of S,0 while density functional calcula-
tions predicted a cyclic ground-state structure [29].

The dipole moment of S,0 derived from the Stark effect in the MW spec-
trum is 4=1.47£0.02 D. The dipole moment components in the direction of
the SO and SS bonds are 1.58 and 0.30 D, respectively [24].

214
Molecular Spectra

2.1.4.1
Vibrational Spectra

Infrared spectra of gaseous [30, 31], condensed [32] and matrix-isolated S,0
have been measured [33], and Raman spectra of the matrix-isolated mole-
cule were reported [15]. In Table 2 the infrared absorption bands of 5 iso-
topomers of S,0 are listed; some bands coincide with other absorptions.

Table 2 Infrared absorptions of S0 in an Ar matrix at 20 K [33]

Isotopomer vy or vgo (cm™) v, or vgs (cm™!) vsord (cm™)
3252160 1156.2 672.2 382.0
3432160 1144.0 652.9 376.6
3252130 1114.8 670.9 371.1
3g3g160 1144.0 662.8 379.3

3g32g160) 1156.2 662.8 379.3
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In the gas-phase only the SO stretching (1165 cm™) and SS stretching vi-
brations (679 cm™!) have been observed by infrared spectroscopy (Q
branches are given) [30, 31]. If an S,0-SO, mixture is condensed on a KBr
disc at 83 K the three fundamentals are observed in the IR at 1130 (v;),
673(v,), and 384 cm™!(vs) together with the combination mode v,+v; at
1060 cm™!. However, the broad 1130 cm™! band is composed of the SO
stretching vibrations of SO, (v;), of S,0 and of a polysulfuroxide. Warming
of the condensate to 270 K followed by cooling it back to 83 K resulted in
the disappearance of the S,0 absorptions while a broad band at 1123 cm™
remained which was assigned to the SO stretching vibration of a polysul-
furoxide (together with the symmetric stretching vibration of some remain-
ing SO, trapped in the polymer); this polymeric oxide contains the structur-
al unit -S-S(=0)-S- (see below) [31, 32].

The Raman spectrum of S,0 in an Ar matrix at 20 K consists of three
lines at 1157, 673, and 382 cm™'. On annealing matrix-isolated S,0 decom-
poses primarily to SO, and S; [15].

Force constants of S,0 were calculated from infrared and microwave data
for a general harmonic force field using the equilibrium geometry; the fol-
lowing data were obtained [34] (1 aJ A~? =1 mdyn A~' = 1 N cm™):

Fyp (a] A72): 8.55(6) (SO stretching)

Fi, (a] A72): 0.84(10) (SO/SS bond interaction)
Fis (a] A7) 0.20(4) (SO bond/angle interaction
F,, (a] A72): 4.32(3) (SS stretching)

Fos (a] A7D): 0.18(1) (SS bond/angle interaction)
Fs; (a] A): 1.376(8) (SSO bending)

Slightly differing values have been published by Marsden and Smith [27].

2142
UV-Vis Spectrum

The electronic spectrum of S,0 has been studied both in absorption and in
emission and both in the ultraviolet and the visible regions. The absorption
spectrum in the near UV region is extremely intense and well suited to de-
tect 5,0 in gases even at very low partial pressures. Two band systems are
located in the UV region at 340-250 nm and at 230-190 nm [35] while a
third system in the visible region at 645-575 nm was discovered only by op-
toacoustic detection [36]. The 340-250 nm system has also been observed
for matrix-isolated S,0 [37]. For more details see [1, 38-47].

2.15
Reactions

The ionization energy of S,0 obtained from photoionization efficiency mea-
surements is 10.584+0.005 eV [48] or 10.60+0.04 eV [49].
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According to ab initio MO calculations [50] protonation of S,0 produces
the planar chain-like molecule cis-SSOH* as the isomer of lowest energy.
The trans-isomer is by only 2 k] mol™! less stable and S-protonated as well
as O-protonated cyclic isomers are next highest in energy.

Trimethylamine and gaseous S,0 react at =30 °C and low pressure to the
yellow solid adduct Me;N-S,0 which sublimes in a high vacuum (probably
with dissociation in the gas-phase and recombination on condensation).
This adduct is soluble in organic solvents; it is analogous to but less stable
than the colorless Me;N-SO, [51].

A number of metal complexes with disulfurmonoxide as a ligand have
been prepared either by oxidation of precursor complexes containing the S,
ligand or by trapping S,0 formally produced in situ from a suitable precur-
sor by heating [52]. Such molecules are cyclic di-, tri-, or tetrasulfane
monoxides or dioxides such as the one shown in Scheme 1.

Ph o Ph
s// =
| é R — + S0
Ph Phe N

SsO may also function as a precursor for S,0 units. However, it should be
noticed that free S,0 has never been detected directly in liquid solutions and
that the isolated products most probably arise from a reaction of the S,0
precursor with the trapping reagent since the reaction temperature is always
20 °C (e.g., by a transition-metal-induced retro-Diels-Alder reaction) [52,
53]. An exception may be the thermal decomposition of the substituted
tetrathiolane-2,3-dioxide shown in Scheme 2; this compound evidently

0 ~
1-Ad. S~~~ S _0
| S
——> S0 —_— | |
Y S
t-Bu s~ %o S

dispropor-
tionation n

128, ——>= 112 l&\s

+1/2 SO, \

yields S,0 as a primary decomposition product which then decomposes to
SO; and S3; both S,0 and S; have been trapped at 25 °C [54].

Scheme 1

Scheme 2
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The S,0 ligand in complexes is coordinated to the metal atom through
both sulfur atoms which causes an increase of the SS bond length. Such
complexes are also accessible by the reaction of sulfinylimido complexes

For reviews on the cation S,0* and the anion S,07, see [1].

2.2
Disulfurdioxide S,0,

The molecule S,0, was discovered by Lovas et al. in 1974 using microwave
spectroscopy [55]. Reports about a disulfurdioxide in the older literature
(before 1960) are erroneous since the species actually investigated was S,0
(mixed with SO,). Therefore, these publications are dealt with above.

S,0, is the dimerization product of sulfurmonoxide; it therefore is present
in all gases containing SO; the connectivity is OSSO:

280 =8S,0, (16)

If SO,, flowing in a quartz tube, is exposed to a microwave discharge
(80 W, 2.45 GHz) at pressures of 0.1-0.2 mbar (10-20 Pa), approximately
50% is decomposed resulting in a mixture containing 20-30% SO, 5% S,0,
and 5% S,0, besides SO,. In addition, a yellow deposit on the walls of the
tube is formed, presumably elemental sulfur. Instead of SO, a 1:1 mixture of
COS and O, may be used; see Eqs. (16)-(18):

0, —20 (17)
COS+0—SO+CO (18)

The half-life of S,0, at this pressure is of the order of seconds, much lon-
ger than that of SO but much shorter than the half-life of S,0 [55].

The formation of S,0 from gaseous SO proceeds according to the follow-
ing equations (M: collision partner):

2S0+M=S5,0, +M (19)
S,0,+S0O — S,0+S0, (20)

The rate constants for these reactions at 298 K are k(19)=1.6x10"" cm®
mol~2 s7! and k(20)=2x10"" cm® mol™! s7!, respectively [21].

The S,0, molecule exists in a singlet ground state of C,, symmetry. The
molecular parameters of 32S,'°0, derived from the microwave spectrum
(mixed ro/rs structure) are as follows: dss=202.45(6) pm, dso=145.8(2) pm,
00ss=112.7(5)°. The dipole moment is 3.17(10) D [55]. The ionization energy
of S,0, obtained from photoionization efficiency measurements is
9.93+0.02 eV [49].

Hartree-Fock as well as density functional calculations on hypothetical
cyclic oligomers (SO), with n=2-4 have been published [56]; these species
are all more stable than the corresponding number of monomeric SO mole-



212 Ralf Steudel

Table 3 Predicted harmonic wavenumbers for the fundamental modes of two conformers of
0SSO as calculated by quantum mechanical methods [34]; values in parentheses from [57]

Symmetry class $,0, (Cyy) Symmetry class $,0, (Cyp)
Vi Ay 1158 (1080) Ag 1122
v, A 470 (453) A, 530
Vs A 134 (130) Aq 385
Vy A, 304 (290) Ay 237
Vs B, 1073 (1029) B, 1058
Ve B, 494 (461) B, 179

cules in their triplet ground state but most probably less stable than the C,,
isomer of OSSO detected spectroscopically. A very detailed theoretical inves-
tigation of 13 singlet and 6 triplet isomers of composition S,0, was pub-
lished by Marsden and Smith [57]. The global minimum corresponds to a
planar branched structure of C,, symmetry which is formally derived from
the trigonal-planar SO; structure (Ds,) by substitution of one oxygen by a
sulfur atom. Such a molecule has not been observed yet but at the MP3 level
of theory this structure is by 47 k] mol™! more stable than cis-planar 0SSO
(Cyy); the latter is calculated to be by 60 k] mol™ more stable than two sepa-
rated SO molecules in their triplet ground state. The trans- and cis-planar
conformers of OSSO were found to be almost degenerate (AE<1 k] mol™');
the torsional barrier for the internal rotation around the SS bond was esti-
mated from the torsional force constant as 98 k] mol~!. Both r, and r, struc-
tures have been calculated by the authors from the available spectroscopic
data [57].

Since vibrational spectra of S,0, have not yet been observed, the force
constants calculated by ab initio MO methods were used to predict the har-
monic vibrational wavenumbers of cis-S,0, (Cy,) and trans-S,0, (Cy); see
Table 3 [34, 57].

For reviews on the ions $,0," and $,0,7, see [1].

23
Trisulfurmonoxide S;0

The oxide S;0 has been identified only in the gas-phase by means of neu-
tralization reionization mass spectrometry [58]. The precursor ion S;0* was
generated by the following sequence of reactions:

07 +COS — SO™ +0,+CO (21)
SO" 4+ COS — $,0" +CO (22)
S,0" +CO0S — S;0" +CO (23)

The S;0" ion was then mass selected and neutralized by electron exchange
with Xe atoms. The neutral beam was reionized by collision with O, and the
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spectra of S;0% and its isotopomers were recorded. The lifetime of S;0 in
the gas-phase was estimated as >1 us. The molecular structure of S;0 was
studied by ab initio MO calculations at the CCSD(T)/6-311+G(3df)//B3LYP/
6-311+G(3df) level of theory and the cis-planar structure ('A’) analogous to
the experimental structures of S,0, and S, was found to be most stable (see
Scheme 3).

Scheme 3

The terminal SS bond (192.2 pm) of S;0 is considerably shorter than the
central bond (204.0 pm) and represents a double bond; the same holds for
the SO bond (147.1 pm). The angles SSO (112.1°) and SSS (111.6°) show the
expected values. The trans-planar singlet structure is by AH®3=18 k] mol™*
less stable at this level of theory.

24
Tetrasulfurmonoxide S;0

A molecule of composition S40 has not been observed yet. Ab initio MO cal-
culations indicate that a cyclic and an open-chain structure have almost the
same energy but no details have been released yet [58].

25
Pentasulfurmonoxide S50

This oxide has not yet been prepared as a pure material but was observed
only in dilute solution. If liquid sulfur is burned in pure oxygen under re-
duced pressure a mixture of S,0, SO,, and little SO5 is formed (see above).
The latter can be removed by passing the gas through a filter of glass-wool.
Bubbling of the S,0-SO, mixture into trichloromethane at —60 °C results in
a yellow solution which can be freed from most of the dissolved SO, in a vac-
uum. The analytical and spectroscopic data then indicate the presence of
S50 (up to 77 mmol 17!) and of traces of SO, in the solution [13]:

35,0 — S50+ SO, (24)

The molecular mass determined osmometrically corresponds to the for-
mula S50. The SO stretching vibration was observed in the infrared spec-
trum at 1119 cm™! (at —65 °C) indicating an exocyclic sulfoxide group simi-
lar to the one in SgO (see below). At —50 °C the solution of S;0 may be kept
for several days without decomposition which usually results in a Tyndall ef-
fect caused by a colloidal polymeric sulfuroxide which is the expected de-
composition product. At 25 °C some decomposition already occurs within
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15 min. The dissolved SsO reacts with chlorine at —60 °C to give thionyl
chloride and other sulfuroxochlorides. With potassium iodide in anhydrous
formic acid the stoichiometric amount of iodine is liberated [13]:

S50 +2KI+2H' —5/nS,+1, + H,0 +2K* (25)

Although the evidence for a cyclic oxide S50 is relatively weak, its exis-
tence is likely in the light of the properties of the homologous oxides S¢O,
S0, and SgO which show analogous spectra and reactions (see below).

2.6
Hexasulfurmonoxide S¢0 and Hexasulfurdioxide S¢0,

Oxidation of Sg, dissolved in dichloromethane, by trifluoroperoxoacetic acid
at —20 °C (molar ratio 1:1.2) followed by addition of n-pentane and cooling
to —78 °C results in the crystallization of a-S¢O recovered after recrystalliza-
tion from CH,Cl, in 5.5% yield:

S¢ + CF3CO3;H — S40 + CF;CO,H (26)

According to the Raman spectrum the product contains traces of S¢ in
solid solution which could not be removed by repeated recrystallization. If
the oxidation is carried out at —25 °C in a CS,/CH,Cl, mixture and the molar
ratio is increased to 1:2.2, -S¢O is obtained [59] isolated in 10% yield [60].

0-S¢0 forms orange transparent spearhead-shaped crystals melting at
39 °C with decomposition to SO, and polymeric sulfur. 3-S¢O forms dark-
orange transparent prismatic or truncated pyramidal crystals of melting
point 34 °C (dec.). Both forms are moderately soluble in CS,, CH,Cl,, and
CHBr3. The solutions are unstable at 25 °C and turn turbid after a few min-
utes. The decomposition is complete after 12 h and the solution then con-
tains SO,, Sgand S; as well as traces of Sg, S10, and S;,. At 25 °C solid hexas-
ulfuroxide decomposes within 2 h almost quantitatively to SO, and elemen-
tal sulfur, but at =50 °C no decomposition could be noticed even after
storage for several weeks. Heating of S¢O in a vacuum produces S,0 instead
of SO, besides elemental sulfur. The EI mass spectrum exhibits a small peak
corresponding to the molecular ion. The infrared spectra of a- and S-S0,
dissolved in tribromomethane, are identical. a-SO and -S¢O may therefore
consist of identical molecules in differing packing patterns [59]. However,
the observations may also be explained assuming either axial or equatorial
positions, respectively, for the oxygen atoms in o- and f-S¢O while in solu-
tion one of these isomers may dominate resulting in identical spectra.

The Raman spectra of solid a- and -S¢0 show characteristic differences
but both spectra can be assigned assuming a chair-like six-membered ho-
mocycle with an exocyclic oxygen atom (molecular symmetry Cg see
Scheme 4).

The SO stretching vibration gives rise to a very strong infrared absorption
at 1112 cm™ (in CHBr;), and Raman lines of medium intensity have been
observed at 1092 cm™! for a-S¢O and at 1102 cm™! for 3-S¢O. The SS stretch-
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Scheme 4

ing and SSO bending modes have been detected in the range 293-506 cm™

[59].

In CS, solution, S¢O reacts with SbCls; within one week at —50 °C followed
by cooling to —78 °C to orange crystals of S;,0,:2SbCl5:3CS, which have
been characterized by a single-crystal X-ray diffraction analysis at —115 °C

Fig. 1 Molecular structure of the adduct S;,0,-:2SbCl; in the crystal [61]
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[61]. Evidently, a dimerization of S¢O takes place under the influence of the
Lewis acid SbCl; resulting in the centrosymmetric cyclo-dodecasulfurdioxide
adduct shown in Fig. 1.

On exposure to air, the initially clear orange crystals of the adduct turn
cloudy within 1 min as a result of the loss of CS,, and ultimately form a yel-
low oil. In CS; solution the adduct decomposes fairly rapidly at room tem-
perature; the decomposition products SOCl,, SO,, Sg, and SbCl; are already
detectable after 10 min. The SO stretching vibrations of S;,0,-2SbCls occur
at 940 cm™! in the infrared spectrum (in CS,) [61]. Free S;,0, has not been
prepared yet.

If S¢ is oxidized by an excess of trifluoroperoxoacetic acid (molar ratio
1:2.4) at 0 °C a novel oxide is formed which is much less stable than S40 and
therefore has not been characterized yet. This oxide, probably S¢0,, decom-
poses in CH,Cl, solution at 5 °C within 48 h to SO,, polymeric sulfur and S;
which can be prepared in this way from S¢ [62]; see Egs. (27) and (28):

S +2CF;CO3H — [S¢0,] + 2CF;CO,H (27)
2[8602] — S10+250; (28)

2.7
Heptasulfurmonoxide S;0

Oxidation of cyclo-heptasulfur by trifluoroperoxoacetic acid at —20 °C in
CH,Cl, provides S;0 in 45% yield [63]:

S, + CF;CO;H — S;0 + CF;CO,H (29)

S;0 crystallizes in orange monoclinic crystals which are yellow at —80 °C
and melt with decomposition at 55 °C. However, even at 25 °C S;0 decom-
poses quantitatively within 24 h in diffuse daylight, more slowly in the dark,
to SO,, polymeric sulfur and little Sg. Thermolysis in a high vacuum at 60 °C
produces S,0 and elemental sulfur. Therefore, the EI mass spectrum exhibits
only ions originating from these decomposition products (SO*, S,0, S,,*).
In CH,Cl, solution S;0 decomposes at 20 °C within 3 h to SO,, polymeric
sulfur and Si¢; the latter can be isolated in 7% yield based on the starting
material S; [62]:

ZS70—>302+310+3/1’1 Sn (30)

The density of S;0 has been determined as 2.15 g cm™ at 25 °C and calcu-
lated from the lattice constants as 2.179 g cm™ at —110 °C, measured by a
single-crystal X-ray diffraction analysis [1, 64, 65]. The S;0 molecules are of
C; symmetry and consist of chair-like seven-membered homocycles with the
exocyclic oxygen atom in an axial position; see Fig. 2. Most remarkably are
the two almost planar groups O-S-S-S (torsion angle 7=2.9°) and S-S-S-S
(1=6.3°).



Sulfur-Rich Oxides S,,0 and S,,0, (1>1) 217

216
o—=
201
208 205
212
196 210
220 199 218 200

Fig. 2 Molecular structures of the molecules S;O (left) and, for comparison, of S; (sym-
metry C;) in the crystal; SS bond lengths in pm (after [1, 65])

The SO bond length of 147.4 pm is similar to that in sulfurmonoxide
(148 pm) and longer than that in SO, (143 pm). The SS bonds vary in length
between 195.7 and 228.3 pm. These bond lengths alternate around the ring
which is of motif — — + — + — +. The intermolecular S-S contacts are in
accord with the van der Waals distance between two sulfur atoms (350 pm)
but there are intermolecular S--O contacts much shorter than the van der
Waals SO distance of 310 pm.

The SO stretching vibration of S;0 was observed at 1134 cm™ in the IR
spectrum of a CS, solution and at 1089/1102/1113 cm™! in the Raman spec-
trum of a solid sample at —90 °C (the three very weak Raman lines probably
originate from the intermolecular S--O interactions). The two strongest Ra-
man lines at 292 and 325 cm™! have been assigned to the SS stretching vibra-
tions of the particularly weak bonds (see the bond distances in Fig. 2).

Hohl et al. [66] investigated the potential energy hypersurface of S;0 by a
combined molecular dynamics/density functional scheme to calculate the
geometries of the local minima. The experimental S;=0 structure shown in
Fig. 2 (symmetry C;) was found to be the global minimum and the observed
geometry was well reproduced although the bond lengths were overestimat-
ed. The heterocyclic crown-shaped isomer of S;O with a structural unit
-S-0-S- (analogous to the Sg structure but with symmetry C;) represents a
local minimum which is by 12 k] mol™ higher in energy (see also below). A
conformational isomer of homocyclic S;O with the oxygen atom connected
to a different ring atom is higher in energy by ca. 57 k] mol™! compared to
the most stable structure; in this isomer the S; ring is twisted rather than
chair-like.

2.8
Heptasulfurdioxide S;0,

Oxidation of Sg in dichloromethane at —20 °C by an excess of trifluoroperox-
oacetic acid (molar ratio 1:5) yields S;0, besides SO, [67]:
Sg + 4CF3CO3H — S702 + SOZ —|—4CF3C02H (31)

The isolated yields vary between 5 and 10%. The oxides SgO, SgO, and
SsOs are probably intermediates in this reaction and it is assumed that SgO;
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Fig. 3 Possible structure of S;0, as derived from the Raman spectrum. Estimated SS
bond lengths in pm (after [67])

spontaneously decomposes to SO, and S;0 which is then further oxidized to
S7022

S,0 + CF;CO3H — S;0, + CF;CO,H (32)

Therefore, S;0, can also be prepared by oxidation of SgO, S;, or S;0 but
the isolated yields are either lower or at best identical to the yield of the Sg
oxidation according to Eq. (31) [67].

From CS, solution S;0, is obtained as intensely orange colored crystals
which on heating spontaneously decompose at 60-62 °C with evolution of
sulfur dioxide. S;0; is far less soluble in CS; (ca. 1 g I"! at 0 °C) than S;O0.
The solution decomposes within 1 h to a mixture of sulfur homocycles and
S0O;. Solid S;0, decomposes at 25 °C within minutes and quantitatively with-
in 2 h, even in the dark. Heating in a high vacuum to 50-60 °C produces S,0
and elemental sulfur. The EI mass spectrum therefore exhibits peaks due to
these decomposition products only [67].

Freshly prepared solutions of S;0, in CS, exhibit two strong absorptions
at 1127 and 1138 cm™! in the infrared spectrum which have been assigned to
two sulfoxide groups within the same molecule. The low temperature Raman
spectrum of S;0, (=100 °C) shows SO stretching vibrations at 1083, 1103,
and 1117 cm™ while the SS stretching and SSO bending modes are observed
in the region 300-559 cm™. The strongest line at 333 cm™! was assigned to
the SS stretching mode of a particularly weak bond. For cumulated SS bonds
there exists a relationship between the SS stretching wavenumber v (cm™)
and the bond length d [67]:

logd=2.881—0.231-logv

Thus, the wavenumbers of the SS stretching modes may be used to esti-
mate the bond lengths in sulfur homocycles assuming that the correspond-
ing vibrations are not coupled with other modes. The results obtained in this
way for S;0, are shown in Fig. 3.

The positions of the oxygen atoms have been tentatively assumed but they
are in agreement with the structure of the precursor molecule S;0 and with
the Raman spectrum of S;0,. No crystallographic structure determination
has been published for S;0, yet. However, Jones [68] investigated 14 cyclic
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Fig. 4 Calculated structures of the two most stable isomers of S;0,. Bond lengths in pm.
The energies of the two structures A and B are almost identical (after [68])

isomers of composition S;0, by density functional calculations with simu-
lated annealing. The two most stable isomers are shown in Fig. 4.

The two structures shown in Fig. 4 can be derived from the experimental
S;0 structure by adding one exocyclic oxygen atom in such positions that
the O atoms form nearly planar four-atomic arrangements with three neigh-
boring sulfur atoms. These nearly planar units SSSS (in Sy, S;0, and S;0,)
and SSSO (in S;0 and S;0,) seem to be more stable than twisted arrange-
ments. According to these calculations, the 1,3-dioxide (C; symmetry) is by
2 k] mol™ more stable than the 1,4-isomer (C, symmetry), both containing
the oxygen atoms in axial positions. Ten other possible isomers with SO
groups separated by either one or two sulfur atoms are much less stable (by
12-60 k] mol™'). The two investigated heterocyclic S;0, species with only
one exocyclic oxygen atom and one endocyclic S-O-S bridge are by 63-71 k]
mol ! less stable than the global minimum structure. Isomers with adjacent
sulfoxide groups turned out to be unstable on annealing in agreement with
the observation that organic vic-disulfoxides are generally unstable unless
protected by very bulky substituents.

29
Octasulfurmonoxide Sg0

Cyclo-Octasulfurmonoxide was the first homocyclic sulfuroxide prepared as
a pure material. Originally it had been prepared in 1972 by condensation of
thionyl chloride and heptasulfane [69, 70]. The two components, dissolved
in CS,, were added to a mixture of CS, and Me,0 at —40 °C applying the di-
lution principle:

H,S; + SOCl, — S50 -+ 2HCI (33)

Since heptasulfane is difficult to prepare, a mixture of polysulfanes known
as “crude sulfane oil” was used instead (average composition H,Se,, accessi-
ble from sodium polysulfide and hydrochloric acid [71]). From 104 g of
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Fig. 5 Molecular structure of SgO in the crystal; SS bond lengths in pm, averaged for C;
symmetry (after [74, 75])

H,S6, and 62 g of SOCI, 3 g of pure SO were obtained after repeated recrys-
tallization from CS, [69, 70].

A more convenient method uses the oxidation of Sg, dissolved in CH,Cl,
or CS,, by trifluoroperoxoacetic acid at temperatures between —10 and 0 °C
(molar ratio 1:1.5):

Sg + CF3CO3H — SgO + CF3C02H (34)

After the reaction is complete the product is precipitated by addition of
hexane and recrystallized from CS; (yield 20%) [72, 73].

The needle-shaped orthorhombic crystals of SO are orange at 25 °C but
yellow at —78 °C (density from X-ray measurements at +10 °C: 2.11 g cm™>
[74, 75]; experimental density at 25 °C: 2.126 g cm™ [70]). At —20 °C pure
SO can be stored for weeks in a desiccator over P,0s without decomposi-
tion; at 25 °C in the dark and with exclusion of moisture SgO survives for a
few hours. On heating in a nitrogen atmosphere (heating rate 6 K min™!) the
oxygen is quantitatively liberated as SO, at 78 °C; at this “melting point”
plastic sulfur is formed which becomes a mobile liquid only at 120 °C [70].
However, if SgO is heated to 80-120 °C in a high vacuum, all oxygen is liber-
ated as S,0 rather than SO,. Therefore, the EI mass spectrum (70 eV) shows
peaks due to the decomposition products only [73].

According to an X-ray crystallographic analysis the Sg0 molecules consist
of crown-shaped Sg rings with the oxygen atom present as a sulfoxide group
in an axial orientation. The molecular symmetry is C; but the site symmetry
is Cy. The SS bond lengths vary between 200.1 and 220.1 pm with the longest
bonds neighboring the SO group followed by the two shortest bonds [74,
75]; see Fig. 5.

This bond length alternation is very typical for compounds containing
cumulated sulfur-sulfur bonds [76, 77]. The axial position of the oxygen
atom can be explained by the anomeric effect (delocalization of oxygen 2p
lone pairs into the unoccupied o* molecular orbitals of the neighboring SS
bonds). In addition, the SO groups of neighboring molecules interact in the
crystal by means of their atomic charges forming infinite and almost planar
zig-zag chains $=0--5=0---S=0 with d(S--:0)=293.5 pm [74, 75].

The infrared and Raman spectra of SgO [78] reflect the molecular struc-
ture. The SO stretching vibration gives rise to very strong IR absorptions at
1133 cm™! (CS, solution) and at 1104 cm™! (CsCl disc) but to a weak Raman
line at 1080 cm™ (all at 25 °C). Since SgO is a strong oxidant, KBr discs
should not be used (formation of sulfur bromides). The Raman lines in the
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Fig. 6 Molecular structure of the adduct SgO-SbCls in the crystal. Bond lengths in pm
(after [81])

range 300-516 cm™! have been assigned to the SS stretching and SSO bend-
ing modes using a Urey-Bradley force constant calculation as a guidance
[79]. Irradiation of solid SgO by either green or blue laser lines at 25 °C re-
sults in decomposition to SO,, Sg, and S;, [78] while yellow and red laser
lines at —100 °C have no such effect [70].

SO is moderately soluble only in CS, (8 g 17! at 25 °C, 3.5 g 1! at 0 °C),
hardly soluble in CH,Cl,, CHCl;, and CHBr; and insoluble in hydrocarbons
and ether. The solution in CS, can be kept at 25 °C for some hours, at
—20 °C for several days without decomposition while refluxing for a few
minutes results in formation of SO,, Ss, S1,, and polymeric sulfur [70].

In its reactions SgO shows properties typical for both sulfur homocycles
and sulfoxides. With elemental chlorine SOCI, and S,Cl, are formed, with
bromine SOBr, and S,Br, are obtained. Water decomposes SgO to H,S and
SO, besides elemental sulfur while cyanide ions expectedly produce thiocy-
anate. The reaction with iodide in the presence of formic acid is used for the
iodometric determination of the oxygen content [70]:

SsO+2HI — I, +Sg+H,0 (35)

Oxidation of Sg by an excess of trifluoroperoxoacetic acid does not give
any stable dioxide or trioxide of Sg but instead S;O and S;0, are formed to-
gether with SO,, evidently as a result of the instability of the higher Sg-ox-
ides [67]; see previous section.

Sulfoxides form adducts with Lewis acids like SbCls and SnCl, [80]. In the
case of SgO the crystalline products SgO-SbCls [81] and (Sg0),-SnCly [82]
have been prepared and characterized by single crystal X-ray diffraction
analyses. Reaction of SO with SbCls in CS, at 20 °C and subsequent cooling
of the solution to —50 °C resulted in orange orthorhombic crystals of SgO-
SbCls in 71% yield. These molecules are of C; symmetry; see Fig.6 [81].

In contrast to pure SgO, the adduct contains an SgO ligand with the oxy-
gen atom in an equatorial position. The coordination at the metal atom is
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Fig. 7 Possible pathway for the interconversion of SgO with the oxygen atom in either
axial or equatorial position (after [81])

approximately octahedral with a mean Sb-Cl distance of 233 pm and bond
angles Cl-Sb-Cl between 86° and 94°. The SO bond length has increased from
148.3 pm in SgO to 155 pm, while the adjacent SS bonds have decreased in
length from 220 pm in SgO to 211.1 pm. This observation is in agreement
with the assumption of an anomeric effect in SgO (see above) which is lifted
in the adduct. For this reason the oxygen atom now prefers the equatorial
position. The S-O-Sb angle is 133.3°.

At 25 °C the adduct decomposes within 5 min to a mixture of SOCI,,
SbCl;, and Sg. On dissolution in acetone and subsequent cooling and recrys-
tallization from CS,, pure SgO was recovered, the Raman spectrum of which
was identical to a freshly prepared sample. Therefore, the liberated ligand
must contain the oxygen atom in an axial position. Since pyramidal inver-
sion at the three-coordinate sulfur atom is unlikely at low temperatures, a
conformational inversion of the eight-membered ring is probably taking
place during preparation and dissociation of the adduct; see Fig. 7.

Yellow monoclinic crystals of (Sg0),-:SnCly were prepared from SgO, dis-
solved in CS,, and a large excess of SnCly by cooling to —35 °C (yield 78%)
[82]. An X-ray diffraction analysis revealed a molecule with the two ligands
in cis-position to each other; see Fig. 8.

The coordination sphere at the metal center is approximately octahedral.
The two crystallographically independent SgO ligands exhibit the same con-
formation as in pure SgO with the oxygen atoms in axial positions. The over-
all molecular conformation of the SgO ligand is identical to that of crystalline
SsO. However, two significant effects on the bond distances are observed on
complex formation. While the SO bond length increases, the amount of SS
bond length variation in the homocyclic ring decreases. This is indicated by
the lengths of the SS bonds adjacent to the sulfoxide group which are
218 pm long compared to 220 pm in crystalline S30. Compared to SgO-SbCls
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Fig. 8 Structure of the adduct (S30),-SnCly in the crystal [82]

the metal-ligand interaction is weaker in (Sg0),-SnCly. This follows from the
extent of dissociation in solution. The infrared spectrum of a solution of SsO
and SnCly in a molar ratio of 1:400 in CS, still shows the absorption bands
of free SgO besides SO stretching vibrations that can be assigned to the 2:1
and 1:1 complexes. The strength of the coordination also follows from the
weakening of the SO bond which is of length 148 pm in SgO, 152 pm in
(S§0),:SnCly, and 155 pm in SgO-SbCls [82].

2.10
Nonasulfurmonoxide S;0

Oxidation of cyclo-Se, dissolved in carbon disulfide, by trifloroperoxoacetic
acid, dissolved in dichloromethane, at —30 °C provides SoO in 12% yield,
isolated as intense yellow crystals (after recrystallization from CH,Cl,) [83]:

So + CF3CO3zH — SyO + CF;CO,H (36)

On heating SoO decomposes at 32-34 °C with melting and SO, evolution.
At 20 °C the solid oxide decomposes quantitatively within 2 h to SO, and a
polymeric sulfuroxide (S,0), with #n>9. Even dissolved in carbon disulfide
S90 decomposes within 20 min to a large extent with formation of SO, as
can be seen from the decrease of the infrared absorption intensity at
1134 cm™ (S40) and the intensity increase at 1336 cm™ (SO,). The solubility
of S40 in CS, (>21 g 17! at 0 °C) is much higher than in CH,Cl, (260 mg 17!
at 0 °C) while the substance is practically insoluble in n-pentane, n-hexane
and tribromomethane. At —80 °C, SyO can be stored for longer periods of
time without decomposition.

No crystallographic analysis of SO has been reported so far. Therefore,
structural information about the SyO molecule is available only from the
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analysis of the Raman spectrum which was recorded at a sample tempera-
ture of =100 °C. The SO stretching vibration observed at 1121 cm™ (in the
solid state) is in agreement with an exocyclic oxygen atom rather than an -
S-O-S- bridge. The highest possible molecular symmetry is therefore Cs. Re-
garding the structure of the nine-membered ring the vibrational spectrum
can help to gain some information since there exists a relationship between
the S-S bond lengths and the wavenumbers of the S-S stretching vibrations
in sulfur homocycles; see above [67, 84]. The molecules of the related sulfur
allotrope Sy form a puckered ring of C; symmetry with the motif + + — — +
+ — + — and bond lengths in the range 203.2-206.9 pm [85]. This bond dis-
tance pattern results in S-S stretching vibrations in the range of 416-
485 cm™! [83]. In the case of SyO the S-S stretching vibrations are observed
in the range of 350-517 cm™!. Therefore, it can be expected that the bond
lengths vary between 200 and 220 pm, approximately. Taking the experi-
ences with the structures of the other homocyclic sulfur oxides into account,
the two S-S bonds neighboring to the sulfoxide group will most probably be
the longest (220 pm) and the following two S-S bonds will be the shortest
(200 pm) of the molecule (see the structures of S;0O and SgO above).

2.1
Decasulfurmonoxide $;,0

Oxidation of cyclo-S;, dissolved in carbon disulfide, by trifloroperoxoacetic
acid, dissolved in dichloromethane, at —30 °C (molar ratio 1:3) provides
$100 in 14% yield, isolated as orange-colored crystals (after recrystallization
from CH,CL,) [83]:

Si0+ CF;CO3zH — S;00 + CF;CO,H (37)

On heating S;00 decomposes with melting and SO, evolution at 51 °C. At
20 °C the solid oxide decomposes quantitatively within 2 h to SO,, elemental
sulfur and a polymeric sulfuroxide (S,0), with n>10. This polysulfuroxide
also decomposes within 24 h at 20 °C to SO,, Sg, and polymeric sulfur. The
solubility of ;00 in CS, is much higher than in CH,Cl, while the substance
is practically insoluble in n-pentane. At —80 °C, S;,0 can be stored for lon-
ger periods of time without decomposition. The EI mass spectrum shows
large peaks for SO™ and S,0* but no molecular ion [60].

No crystallographic analysis of S;9O has been reported so far. Therefore,
structural information about the S;00 molecule is available only from the
analysis of the Raman spectrum which was recorded at a sample tempera-
ture of —100 °C. The SO stretching vibration observed at 1091 cm™ (in the
solid state) is in agreement with an exocyclic oxygen atom rather than an
-S-O-S- bridge. The highest possible molecular symmetry is therefore Ci.
Regarding the structure of the ten-membered ring the vibrational spectrum
can help to gain some information since there exists a relationship between
the S-S bond lengths and the wavenumbers of the S-S stretching vibrations
in sulfur homocycles [67, 84]. The molecules of the related sulfur allotrope
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S1o form a puckered ring of D, symmetry with the motif — — + — + — — +
— + and bond lengths in the range 203.3-208.0 pm [86]. This bond distance
pattern results in S-S stretching vibrations in the range of 403-495 cm™
[86]. In the case of S;pO the S-S stretching vibrations are observed in the
range of 354-506 cm™' [83]. Therefore, it can be expected that the bond
lengths vary between 202 and 220 pm, approximately. Taking the experi-
ences with the structures of the other homocyclic sulfur oxides into account,
the two S-S bonds neighboring the sulfoxide group will most probably be
the longest (220 pm) and the following two S-S bonds will be the shortest
(202 pm) of the molecule (see the structures of S;O and SgO above).

2.12
Polysulfuroxides (S,,0),

The spontaneous thermal decomposition of S0 on condensation at low
temperatures and of some of the homocyclic sulfuroxides on storage at
20 °C results in polysulfuroxides (PSO) of composition S,0 with n>3. These
products are mixtures of molecules of unknown molecular mass which slow-
ly decompose at 20 °C to elemental sulfur and SO,. Consequently, their com-
position depends on the preparation and changes with time. At 100 °C this
decomposition is quantitative within a few minutes.

On condensation at low temperatures, on dissolution in inert solvents or
on raising its partial pressure substantially above 1 mbar (100 Pa) S,0 poly-
merizes with partial disproportionation. Since sulfur radicals have been de-
tected in such condensates by ESR spectroscopy [10] it has been proposed
that a radical-chain reaction takes place according to Scheme 5.

S=8 +S8S=S +S=S+S=8+S=8 —> ¢S—S—S—S—S—S—S—S—Se+ SO
1l oo 1l I I I Il
(e} O O O O (e} (0] 0]

Scheme 5

The intermediate product S; (see above) will also take part in this poly-
merization. Infrared spectra of the polysulfuroxide show a strong absorption
at 1123 cm™! which was assigned to the structural unit -S-S(=0)-S- by com-
parison with model compounds like trisulfane-2-oxides (RS),S=0 [31] and
SsO (see above). In chloroform solution S,0 reacts at —60 °C to S50 and SO,
(see above).

Yellow insoluble substances of similar composition are obtained on reac-
tion of hydrogen sulfide with either SO,, SOCl,, or SO,Cl, and on hydrolysis
of S,Cl, [87], e.g.:

H—S—H+ Cl—-SO—Cl+ H-S—H + C1—SO—Cl + H—S—H —
H—S(=0)—S—S(=0)—S—H +4HCI
(38)
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The materials obtained by this idealized equation have also been termed
polysulfuroxides in the older literature. However, more recent results showed
that they also contain hydrogen and therefore are probably polysulfane ox-
ides of the types HS(S,0),SH or HS(S,0),OH [3, 88]. Due to the simultane-
ous thermal decomposition with formation of SO, the sulfur content is high-
er than expected from Eq. (38) and from the general formula. All these com-
pounds produce S,0 on heating in a high vacuum which is a typical reaction
for compounds containing oxidized sulfur chains or rings.

3
Bond Properties

The most interesting aspect of the bonding in the sulfur-rich oxides is the
enormous variation of the SS internuclear distances. The shortest SS bond is
observed in S,0 with 188.5 pm and the longest in S;O neighboring to the
oxygen atom with 228.3 pm. One SS bond of S;0, (isomer A) calculated by
the DFT method is even longer (232 pm); see Fig. 4. Compared to the single
bond length of 205 pm in Sg and 206 pm in H,S, these data indicate a wide
variation in bond order.

Cumulated sulfur-sulfur bonds as in homocycles show a unique interde-
pendence in so far as the length of a particular bond depends on the arith-
metic mean of the lengths of the two neighboring bonds [77]. This is dem-
onstrated in Fig. 9 for the bonds in the homocycles S, (n = 6, 7, 8, 10, 12)
and the sulfur-rich oxides S,,0 (n =7, 8).

The effect shown in Fig. 9 is a result of the bond-bond interaction which
is a characteristic feature for chains and rings of two-valent chalcogen
atoms. It can also be recognized from the relatively large bond interaction
force constants f,, of such compounds. The stretching force constants f,(SS)
of polysulfur compounds depend on the SS bond distances as shown in
Fig. 10. The data used in this figure include several excited electronic states
of the S, molecule as well as the disulfide anion and a number of sulfur ho-
mocycles [77].

Another unusual feature of the homocyclic sulfuroxides are the nearly
planar units SSSS (in S;, S;0, and S;0,) and SSSO (in S;0 and S;0,). While
a torsion angle at cumulated SS bonds in the vicinity of 80-100° is normal in
the most stable structures [76], the mentioned seven-membered rings exhib-
it some SSSS and SSSO torsion angles which are within +6° of zero. As a
consequence, the central SS bond of these four-atom units is rather long
(218-235 pm) and probably responsible for the thermal instability of all of
these species. It has been suspected that there exists an attractive interaction
between the terminal atoms in these planar SSSO units [89]. That this is in
fact the case can be seen from the HOMO of S;0 which shows a positive
overlap between the (occupied) n* orbital of the long SS bond in the planar
SSSS unit on the one hand and the (empty) n* orbital of the SO bond on the
other hand, especially between the oxygen atom and the terminal sulfur
atom in the planar SSSO unit [89]. This kind of #*-7* interaction in nearly
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Fig. 9 Mutual dependence of neighboring internuclear distances in sulfur homocycles
(after [77])

0.25 —

T T T | I
0.2 0.4 0.6 0.8

log f,

Fig. 10 Linear relationship between the logarithms of the SS bond length d and the
stretching force constant f; of this bond in various sulfur compounds
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planar four-atomic units is quite common in certain sulfur-rich molecules
including diradical chains.

The oxygen atoms of the homocyclic oxides occupy axial positions in sol-
id S;0 and SgO. In fact, recent ab initio MO calculations at the G3X(MP2)
level of theory have demonstrated that these isomers are, by 7 and 9 kJ
mol !, respectively, more stable than the alternative structures with the oxy-
gen atoms in equatorial positions [89]. In the case of S¢O, however, the ener-
gy difference is only 1 k] mol™! and the conformation with the oxygen atom
in the equatorial position is more stable. This result agrees with the observa-
tion that S¢O exists as two isomeric forms in the solid state depending on
the crystallization conditions (see above).

In principle, oxides of composition S,,0 could also exist as heterocycles in
which the oxygen atom is part of the ring which is then larger by one atom.
AD initio MO calculations by Wong at the G3X(MP2) level have shown, how-
ever, that these isomers are less stable than the homocyclic molecules, by
the following relative energies at 0 K (in kJ mol™!) [89]:

S50:40 ScO:31 S70:28 Sg0:45 S90:54

Interestingly, the energy difference is smallest for S;O which as a hetero-
cycle forms a crown-shaped eight-membered ring similar to and isoelec-
tronic with the well known Sg structure of Dyq symmetry. The transforma-
tion of the heterocycle S;0 into the homocyclic isomer S;=0 was studied by
the molecular dynamics/density functional method but the unrealistically
high barrier of 5 eV calculated for this transformation indicates that the sys-
tem was far from equilibrium during most of the simulation [66].
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-, fundamental vibration 124

-, vibrational wavenumber 130

S4**, gas phase dissociation enthalpy 143

Se¢ 17,18, 30, 31

-, high-pressure/high-temperature
phase 65

-, preparation 4,9

S; 19-21, 106, 109, 127

-, allotrope 19

-, concentration in liquid sulfur 96

-, preparation 1,6

-, pseudorotation 19

-, strain energy 21

Sg 117-119

-, allotropes 21

-, entropy, vibrational assignment 120

-, molecular structure 22

-, order-disorder transition 26

-, preparation 6

-, strain energy 22

-, thermal expansion 21

Se 29

-, preparation 8
S 29

-, preparation 8
SH 32

-, preparation 9
512 34

-, preparation 10
--CS; 11,96
S;3 35

-, preparation 11
S 36

-, preparation 12
Sis 37

-, preparation 12
Sig 37

-, preparation 1, 13
Sy 38

-, preparation 13
S-Sbond 128

-, dissociation enthalpy 128
-, distance 51
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Selmi sol 154, 157, 159, 161-164

Semiconductor 62

Settler 183

S, molecule, enthalpy/entropy
125, 128-129, 132

119-122,

SO, emission 181, 185
Sol 153-162
-, monodispersed 155
Sour gas 82

Stabilizer 15

Steric stabilization 167, 173-174
Structure, high-pressure phase 69
Sulfane monosulfonic acid 158, 161-162
Sulfate reducing bacteria 169

Sulfide, chemical oxidation 179

-, oxidation 171

- radicals 180

Sulfur, colloidal 153, 154, 164

—, commercial 6,92, 102
-, fibrous 15, 43, 45
-, flowers 15

-, high-purity 7

-, insoluble 15

, laminar 45

—, macromolecular 41

- polymeric 14, 56, 81-99, 102, 105-108,
112-113

-, superconducting 60

e-Sulfur 17

u-Sulfur 87

-, properties 81, 84, 89

n-Sulfur 84, 90, 98-107, 118-128,

153-164
-, critical parameter 101
-, helical structure 67
-, high purity 92
-, melting curve 61
-, melting point depression 85
, metallic liquid 61
-, molecular nature 84, 87
-, preparation 84, 87
-, properties 81, 84
-, Raman spectra 94, 96

-, quantum-chemical calculation 117, 125

p-Sulfur 17

Sulfur allotropes 1, 3-4, 12,17, 19, 47,
54-57

- -, analysis 59

- -, density 56

- —, nomenclature 41

- -, photochemical behavior 57
- -, physical properties 52

- —, Raman spectra  94-95

- -, solubility 55

— —, thermal behavior 53

Sulfur bacteria
167-169, 171

Sulfur cation, enthalpy of formation 143

- -, hyperconjugation  149-150

- -, wbonding 146-148

- —, radical 138-139, 144, 146

- -, solid state structure 137

- -, solvation energy 144

- -, synthetic procedure 137

Sulfur chain, long 14

- -, —, branched 105

Sulfur cycle, biological 168

Sulfur compound oxidizing bacteria
167-181, 185

-, alkaliphilic 172, 183

Sulfur globules 167-181, 185

- —, Allochromatium vinosum 176

- -, Beggiatoa alba 176

Sulfur helix 48

Sulfur homocycle

-, enthalpies of formation 101

-, isomer 39

-, mean bond energy 101

-, retention time 98

Sulfur inclusion envelope 177

Sulfur melts

-, birefringence 89

-, doping 92

-, ESR spectra 91

-, fractional crystallization 94

-, glass-transition temperature 89

-, HPLC 97

-, Raman spectra 89, 94-95

Sulfur molecule, HOMO/LUMO gap 104

Sulfur radical cation 138-139, 144, 146

Sulfur ring 55

- —, branched 128

- —, Raman spectra 94

Sulfur sol, hydrophilic/hydrophobic
153-157, 160, 162

- -, LaMer 157

Sulfur vapor 117-119, 124-132

-, composition 117-129, 132

- density 121, 124, 126

-, mass spectrometry 118-127, 132

-, partial pressure 120-121, 126

-, speciation, thermodynamic 117,
120-122, 125, 128

-, UV-Vis spectra 124

-, vibrational spectra

Sulfurdichloride 5

Sulfuretum 169

Sulfuric acid production 184-185

Superconducting state 60, 70

Surface charge density 179

153-154, 163-164,

120-122, 129
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Ta4P4829 49

Tetrathiasulfuranes 113
Tetrathionate 157, 163
Thiobacillus spp. 167, 172
Thiocapsa roseopersicina 177
Thiosulfate 4, 154, 157-160, 163
Torsional barrier 50

Triple Point 61

van der Waals attraction 172
Van Niel reaction 171
Vesicles 167,178, 185

Wackenroder’s solution 154
Wastewater desulfurization 153-154, 164
Weimarn sol  153-156

- -, stabilization by surfactants 155

X-ray diffraction 175, 178
XANES 176,178

Zero charge, point of 173
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AD initio calculations 2 Decasulfurmonoxide 224
Acetylene 191 Dehydrogenation reaction 9
Acidity 9 Density functional theory 3

Ag complex 161 Desulfurization 181
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Alkali metal sulfide 172 scheme 175-176

Alkyne 190 Dianion/dication 17,19
Allotrope 11 Dichlorosulfane 105

-, solid 88 1,3-Dienes 192

Ammonia, supercritical 162 Diiridium complex 199
Anomeric effect 220, 222 Dilution principle 219

Antimony complex 163 Dimerization energy 20
Aromaticity 21 Dipole moment 208

Atomisation energy 9 Diruthenium complex 192, 194, 196-197

Disproportionation reaction 14
Disulfane 4

-, ionization energy 115
-, molecular structure 108
-, vibrational spectra 113
Disulfur dioxide 210
Disulfur monoxide 204

-, metal complex 210
Divalent compound 155
Donor ligand 132

Double ionisation 19

Barrier for rotation 108
Basicity 21

Basis set 2,3

Bond dissociation energy 10
Bond energy 14

Bond property 226
Bond-bond interaction 226
Branched ring/isomer 10, 12
Bronsted acid 119

Carbene 189 ECP 3

Catena-sulfur 11 Episulfidation, catalytic 188
Chain-like isomer 17 Equilibrium 180

Claus process 41, 198

Claus sulfur 122 Fe complex 161, 177
Closed-shell interaction 20 Force constant f,(SS) 226
Cluster cation 18 Frasch process 41

Cluster species 13

Cobalt complex 157 Gallium complex 165, 180
Condensation reaction 105 Gaussian series 3
Conformational isomer 7 Geometry optimisation 3
Constant, vibrational spectra 88 Germaaromatic 174

Copper complex 161, 171, 172 Germanium complex 155, 162, 173-174,
Coulomb explosion 137 180-181, 189

Crystex, vibrational spectrum 79 Group 5 metal complex 163
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Group 10 metal complex 168 Metal halides, reactions with polysul-
- -, zerovalent complexes 196 fides 166
Group 13 element complex 166 Metal-disulfido complex 174
Group 14 element complex 155, 162, 181, Metal-sulfur double bond 169

189 Mixed dimer 25

Molecular structure 207

Hartree-Fock 3 Molecular-dynamics simulation 15
Helical structure 9 Molten salt (flux) method 172
Hemibond 23 Molybdenum complex 169, 184, 188, 190
Heptasulfide 134 Motlf 8,135 )
Heptasulfur dioxide 217 Multireference calculation 11

Heptasulfur monoxide 216
Hexasulfide 133

-, isomeric 143
Hexasulfur dioxide 214

Niobium complex 163-164, 170, 183, 190
Nonasulfur monoxide 223
Nucleophilic degradation 138

Hexasulfur monoxide 214 Octasulfide 134

Hg complex 161 Octasulfur monoxide 219

HOMO-LUMO gap 14 Olefin 192

Homocycle 12 Oxidation 184

Hiickel approximation 24

Hybrid functional 3 Palladium complex 168

Hydrodesulfurization (HDS) 198 Pb complex 155, 181

Hydrogen polysulfide 99 Pentasulfide 133

Hydrogen-bonded isomer 24 Pentasulfur monoxide 213

Hydrogensulfido complex 170 Phosphine ligand 181

Hyperconjugation 9, 108 Platinum complex 159, 167, 171, 184, 198

Hyperpolarizability 10 Polarizability 10

Hypervalent 3 Polymeric chains, UV-Vis Spectrum 37
Polymerization 15

Indium complex 166 Polysulfane 7

m*- m* Interaction 10, 226 -, acidity 120

Ionisation energy, adiabatic 18 -» decomposition 101

Iridium complex 166, 168-171, 177, 199 -, organic 122

Iron complex 161, 177 Polysulfane oxide 226

Isomerization reaction 5 p olys.ulﬁde, alkali 130, 134

Isotopomer, mass spectrum 89 - anion 138, 141

-, aqueous, isotopic exchange 140
-, autoxidation 129

-, dianion 135, 138, 166

-, monoanion, structure 148
-, non-aqueous solution 141
-, preparation 130

-, reactions 143

-, solution 137-139

-, vibrational spectrum 142
Polysulfur oxide 207, 225

-, SO stretching vibration 209
Pseudorotation 12

PSO 225

Pyramidal inversion 222

Ketone 194

Lanthanide complex 162

Lapislazuli 146

Laplacian 20

Ligand-to-metal charge-transfer (LMCT)
transition 176

Liquid sulfur

-, absorption edge 36

-, combustion 206

—, isomers of Sg 38

-, solubility of gaseous H,S 101

-, UV-Vis spectrum 36

Low-valent metal compound 155 Quasi-aromatic 20

Magnesium complex 161, 162 Radical anion 16
Mercury complex 161 - -, singly-charged 17
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Radical cation, hemibonded 24
Radical-chain reaction 116, 225
Reductions by metal 197
Resonance hybrid 25
Rhenium complexes
176, 183, 190, 191
Rhodium complexes 156, 170, 171, 178
-, complex, tetranuclear, with a rectangular
S, unit 178
Rotamer, non-helical 9
Ruthenium complexes
184, 191-197

166, 167, 170, 173,

160, 164, 169-177,

S,, electronic state 36

-, ionization potential 87

-, UV-Vis Spectrum  33-34, 36
-, vibrational spectrum 42
S, radical 145

S,0 208

, electronic spectrum 209
-, force constant 209

, ligand in complex 211

-, molecular structure 207

, polymerization 225

-, preparation 205

, protonation 210

-, reaction 210

-, vibrational spectrum 208
S,0, 211

-, molecular parameter 211
-, vibrational spectrum 212
Ss, ionization potential 87
-, UV-Vis spectrum  33-34, 37
-, vibrational spectrum 42

S; 7 radical 141, 145
S;0 212
Sy

-, isomers 34

-, UV-Vis spectrum  33-34, 37, 40
-, vibrational spectrum 43

S, radical 147

S,0 213

Ss, ionization potential 88
S50 213

Se

-, high pressure 82, 84

-, ionization potential 88

-, photolysis 40

-, UV-Vis spectrum 39, 42

-, vibrational spectrum 65

-, XANES spectrum 92

S¢, radical 148

S6S10, vibrational spectrum 70
S¢0, dimerization 216
a-SGO/ﬂ-SSO 214

Ss0, 214

S7

-, ionization potential 88

-, photolysis 40

-, UV-Vis spectrum 39

-, vibrational spectrum 68
S,0 216

-, potential energy hypersurface 217
$,0, 217,218

-, heterocyclic 219
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-, ionization potential 88

-, isomer 37

-, oxidation 220

-, photolysis 40

-, UV-Vis spectrum 33, 39
-, vibrational spectrum 43
-, XANES spectrum 92
a-Sg, absorption edge 40
-, high pressure 82

-, isotopic impurities 57

-, UV-Vis spectrum 42

-, vibrational spectrum 45
B-Ss, vibrational spectrum 64
SgO 219

-, infrared and Raman spectrum 220
-, ligand 221

-, molecular structure 220
-, precursor for S0 210
-, reaction 221
(SgO)z'SHCL; 221

So, vibrational spectrum 70
S0 223

Si0, preparation 216

-, vibrational spectrum 70
-, XANES spectrum 92
S100 224

S11, vibrational spectrum 73
S12, photolysis 40

-, UV-Vis spectrum 39

-, vibrational spectrum 73
-, XANES spectrum 92
S12°CS,, vibrational spectrum 73
$1,0,-2SbCls 215

S13, vibrational spectrum 75
S14, vibrational spectrum 76
-, XANES spectrum 92
S1s, vibrational spectrum 77
S1s, vibrational spectrum 77
S,0, vibrational spectrum 77
SnO heterocycle 228

Sy, vibrational spectrum 77
Sb complex 161, 163
SCF-Xa-SW calculation 175
Shared interaction 20



248

Subject Index

Si complexes 155, 174, 181
Silaaromatic 174
S, 155-156, 161, 172-173, 177, 181, 183,
189, 195
(SO),, cyclic oligomer 211
Sodalite 146
Solvation 6
Sour gas 101
SS bond dissociation energy 117
- —, rotation about 109
SSSS, planar unit 219, 226
Sulfane 99
-, 'TH-NMR spectra 112
-, applications 122
-, boiling point 106
-, branched isomer 111
—, condensation reaction 121
, density/viscosity 107
, deuterated 102
, dissociation enthalpy 107
, enthalpy of evaporation 107
-, — of formation 116
, nucleophilic displacement
reactions 120
, photolysis 118
, preparation 102
, protonation/deprotonation 118
,raw 102
, silyl derivative 106
-, solubility 107
-, thermolysis 116
-, UV-Vis spectra 115
-, vibrational spectra 113
Sulfane oil, thermal cracking 105
Sulfonium ion 119
Sulfoxide, adducts with Lewis acid 221
Sulfur, electrochemical reduction 141
—, elemental 155
-, lower oxide 204
-, polymeric 92
-, -, high-pressure 82
-, —, mass spectrum 89
-, -, vibrational spectrum 78, 87
-, solid, UV-Vis spectrum 40
Sulfur atom, insertion 165
Sulfur bacterium, XANES spectrum 92
Sulfur cluster anion 16
- -, mass spectrum 89
Sulfur compound, XANES spectrum 92
Sulfur dioxide, electrical discharge 205
Sulfur K-edge 90
Sulfur melt 88
Sulfur monoxide 204
Sulfur radical 206
Sulfur solution, UV-Vis spectrum 39

Sulfur transfer reaction 185-187
Sulfur vapor 88

- -, mass spectrum 88

-, UV-Vis spectrum 33, 35
Sulfur-sulfur bond, bond enthalpy 100

Tantalum complex 164

Tetrasulfane

-, conformational isomer 110

-, infrared and Raman spectra 114

Tetrasulfide 133

Tetrasulfur monoxide 213

Tetrathiosulfurane 117

Thermodynamic properties 15

Thiirane 25

Thionyl chloride 205

Thiosulfoxide 5,111

-, organic 5

Three-coordinate atom 13

Three-electron bond 23

Tin complexes 156, 172, 177, 183, 196

Titanium complexes 158, 164, 173,
183-187

Titanocene dicarbonyl 158

Titanocene pentasulfide 185

TICl 166

Transannular bond 20

Transition metal complex 196

Transition metal polysulfido complex 129

Transition state 2

Trinuclear heterometallic cluster 169

Triplet diradical 15

Trisulfane

-, infrared and Raman spectra 114

-, molecular structure 109

Trisulfur monoxide 212

Tungsten complex 169, 177

Ultramarine 146
UV-Vis spectrum

-, gaseous sulfur 33

-, liquid sulfur 36

-, polymeric chains 37
-, solid sulfur 40

-, sulfur solution 39

Valence bond theory 6

van der Waals complex 23

Vanadium complex 164

Vibrational frequency, calculation of 3
Vibrational spectra, calculation of 14

XANES spectrum 90

Zinc complexes 161, 180, 187, 190, 191
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(ordered chronologically)

Gmelin Handbook of Inorganic Chemistry, 8th ed., Sulfur, Springer, Berlin:
1953: Hydrides and Oxides of Sulfur (in German)
1953: Elemental Sulfur (in German)
1953: Occurrence and Technology of Sulfur and Its Compounds
(in German)
1960: Sulfur Oxoacids (in German)
1963: Sulfur Compounds with Nitrogen, Oxygen and Halides (in German)
1977: Sulfur-Nitrogen Compounds, Part 1 (in German)
1978: Sulfur Halides (in German)
1978: Thionyl Halides (in German)
1980: Sulfur Oxides (in German)
1983: Sulfanes (in English)
1985-1994: Sulfur-Nitrogen Compounds, Parts 2-10 (in English)

B. Meyer, Elemental Sulfur: Chemistry and Physics, Interscience, New York,
1965; with Chapters on the following topics:

. Nomenclature of Sulfur Allotropes

. Structures of Solid Sulfur Allotropes

. Phase Transition Rate Measurements

. Preparation and Properties of Sulfur Allotropes

1

2

3

4

5. Properties of Polymeric Sulfur
6. Physical Properties of Liquid Sulfur

7. Molecular Composition of Sulfur Vapor

8. Mechanmical Properties of Sulfur

9. High Pressure Behavior of Sulfur

10. Electrical and Photoconductive Properties of Orthorhombic Sulfur Crystals
11. ESR Studies of Unstable Sulfur Forms

12. Vibrational Spectra of Elemental Sulfur

13. Electronic Spectrum and Electronic States of S,

14. Reactions of Atomic Sulfur

15. Reactions of the Sulfur-Sulfur Bond



16. Preparation of Unusual Sulfur Rings
17. Liquid Solutions of Sulfur
18. Potential Applications of Sulfur

F. Tuinstra, Structural Aspects of the Allotropy of Sulfur and the Other Divalent
Elements, Waltman, Delft, 1967.

G. Nickless (Ed.), Inorganic Sulfur Chemistry, Elsevier, Amsterdam, 1968; with
Chapters on the following topics:
1. The Sulfur Atom and its Nucleus
Orbitals in Sulfur and its Compounds
Stereochemistry of Group 16 Compounds
Mechanisms of Sulfur Reactions
Structural Studies on Sulfur Compounds
Analytical Chemistry of Sulfur Compounds
Elemental Sulfur

The Biogeochemical Sulfur Cycle
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. Sulfur-Nitrogen Compounds
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. Amido- and Imidosulfuric Acid

. Metal Sulfides
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M. V. Ivanov, Microbiological Processes in the Formation of Sulfur Deposits,

Jerusalem, 1968.

A. V. Tobolsky (Ed.), The Chemistry of Sulfides, Interscience, New York, 1968.

J. A. Karchmer (Ed.), The Analytical Chemistry of Sulfur and ist Compounds, Part

I, Wiley, New York, 1970; with Chapters on following topics:
1. Elemental Sulfur



Total Sulfur
Sulfur-Containing Gases
Oxygen-Containing Inorganic sulfur Compounds

Other Inorganic Sulfur Compounds
Thiols

AN

A. Senning (Ed.), Sulfur in Organic and Inorganic Chemistry, Vol. 1, Dekker,
New York, 1971, with Chapters on the following topics:
The Sulfur-Silicon Bond

The Sulfur-Nitrogen Bond

The Sulfur-Phosphorus Bond

The Sulfur-Oxygen Bond

The Sulfur-Sulfur Bond

The Sulfur-Fluorine Bond

The Sulfur-Chlorine Bond

The Sulfur-Bromine Bond

The Sulfur-lodine Bond

A R RO

A. Senning (Ed.), Sulfur in Organic and Inorganic Chemistry, Vol. 2, Dekker,
New York, 1972, with Chapters on the following topics:

Chemistry of Atomic Sulfur

Diatomic Species Containing Sulfur

Bond Energy Terms in the Chemistry of sulfur, Selenium and Tellurium
Oxyacids of Sulfur

Pharmacology and Toxicology of Inorganic Sulfur Compounds

Mass Spectra of Sulfur Compounds

Mixed Sulfur Halides

Commercially Important Sulfur Compounds

A R RO

Chromatographic Techniques in Sulfur Chemistry

A. Senning (Ed.), Sulfur in Organic and Inorganic Chemistry, Vol. 3, Dekker,
New York, 1972, with Chapters on the following topics:
1. Reactions of Elemental Sulfur with Inorganic, Organic and Organometallic
Compounds
2. Inorganic and Organic Polysulfides
3. Quantum Chemistry of sulfur Compounds
4. Steric Aspects of Sulfur Chemistry



NMR spectra of Sulfur Compounds
Labeled Sulfur Compounds
Thione-Enethiol Tautomerism

Nomenclature of Sulfur Compounds

v 0 =N oW

Nucleophilicity of Organic Sulfur Compounds

J. A. Karchmer (Ed.), The Analytical Chemistry of Sulfur and ist Compounds, Part
II, Wiley, New York, 1972; with Chapters on the following topics:

1. Sulfides

2. Di- and Polysulfides

3. Thiophenes

4. Tetra- and Hexavalent Organosulfur Compounds

D. J. Miller, T. K. Wiewiorowski (Eds.), Sulfur Research Trends, Adv. Chem.
Ser. 110, ACS, Washington, 1972; with Chapters on the following topics:
Semiempirical MO Calculations on Sulfur-Containing Molecules
Electron Behavior in Some Sulfur Compounds
Spectra of Sulfur Allotropes
Transition Metal Complexes with Sulfur-Donor Ligands
Structures of Sulfur-Nitrogen Compounds
Influence of High Pressur on Elemental Sulfur
Reactions of Mercaptanes with Liquid Sulfur
Photolysis of Thiols
Addition of Sulfur Atoms to Olefins
. Sulfur Chlorides and Organochlorides
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. Electrical Conductivity of Liquid Sulfur and Sulfur-Phosphorus Mixtures
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. Chemical-Mechanical Alteration of Elemental Sulfur
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. Potential Applications of Sulfur
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Interactions of the Sulfur and Nitrogen Cycles: Microbiology and Process
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Sulfur Problems in Anaerobic Digestion (V. O’Flaherty, E. Colleran)
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Holleman-Wiberg: Inorganic Chemistry, Academic Press, New York, 2001 (most

comprehensive inorganic chemistry textbook available).

R. Steudel, Organic Polysulfanes R,S, (n > 2), Chem. Rev. 2002, 102, 3905-3945.

More reviews and monographs on (mainly inorganic) sulfur chemistry are cited in

the various Chapters of Volumes 230 and 231.

11



