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This review describes recent progress in the chemistry of home- and heterocyclic chakogen species 
summarizing their preparation, structural characterization, bonding, and spectroscopic properties. Although it 
is possible to prepare stoichiometrically pure chalcogen rings, many reactions result in the formation of 
complicated mixtures. The crystal and molecular structures of many homocyclic rings are known. All 
heterocyclic rings, however, are disordered and themfore it has not been possible to determine accurate bond 
parameters for them. The identification of individual molecular species and the composition of mixtures of 
chalcogen ring molecules have been studied successfully with HPLC and Raman spectroscopy, as well as with 
77Se and “‘Te NMR spectroscopy. With development of computing techniques, it has been possible to per- 
form MO calculations with increasing sophistication. They have yielded reliable predictions on ground state 
geometries and electronic structures of different cbaRogen rings. The emphasis of research in recent years has 
shifted from purely structural studies towards understanding the facile interconversion reactions that take place 
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be6veen the different chdcogen rings. The experimental and theoretical evidence on the mechanism of these 
ring interconversion pathways are discussed. 

A. INTRODUCTlON 

Chalcogen elements sulfur, selenium, and tellurium have a strong tendency to cate- 
nate, i.e. to form molecular species containing cumulated homo- and heteronuclear chal- 
cogen-chalcogen bonds (for two general reviews of the Group 16 elements, see Refs. 
1,2). All three elements exhibit allotropy consisting of both cyclic and open chain mo- 
lecular forms. Many main group and transition metal compounds and ions also contain 
polychalcogen fragments. Catenation of chalcogen elements in different chemical envi- 
ronments is summarized in Table 1 with some illustrative examples. 

The structural chemistry of homocyclic sulfur species is particularly extensive and 
has been reviewed several times during the last 10 years [3-6]. There is a growing interest 
in the research of elemental sulfur, since the tightening environmental control has resulted 
in significant increase in its production. The flexibility of the S-S bond to adapt to 

TABLE 1 

Illustrative examples on the catenation of the chalcogen elements (see [l-27]) 

(A) Allotropes 
Homocyclic species 
Polymeric species 

(B) Interchalcogen compounds 
Heterocyclic species 
Interchalcogen polymers 

(C) Chalcogen-containing compounds 
Homocyclic chalcogenides with exocyclic groups 
Heterocyclic chalcogenides 

Acyclic chalcogenides 

Transition metal chalcogenides 

(D) Cations 
Homocyclic cations 
Homocyclic cations with exocyclic groups 
Heterocyclic cations 

Acyclic cations 

(E) Anions 
Homocyclic anions 
Heterocyclic anions 
Acyclic anions 

S, (n = f3-), Se, (n = 6-8), Te,, (n = 8) 
S, Se, Te, 

Se,&, Te,&,,, Te,,Se,,,, Te,,Se,,& 
(n+m+p=6-8,12) 

$0 (n = 5-), etc. 
(CH2haS6 - n, (cH2h%ns6 - n - m, s4N2s 

%OS -n, etc. 

R$3,, RzSe,, RzTe,, (R = H, F, Cl, alkyl, 
aryl, etc.), (SN),, etc. 
FW3-W%1. etc. 

Sn2+, Sen2+ (n = 4,8, 10, etc.), Teb4+, etc. 
$I+ Se612+ etc. 
Se”& _ n2+,‘Te,SS~ _ ,,2’, 
Se& _ n CI+, etc. 
(CH$)3+, (CH$eh+, etc. 

Selo2-, Se1 12-, TeT2- 

Sn2-, Sen2-, Ten2-, (O$)S,,(S03)2-, etc. 
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different chemical surroundings as well as the ease of its cleavage and formation renders 
sulfur an attractive and cheap raw material for new applications. Indeed, the research 
interest in the chemistry of elemental 

: 
ulfur is shifting from purely structural inves- 

tigations towards the study of interconv rsion reactions between the different molecular 
species. 

The allotropy of selenium and tellurium is simpler than that of sulfur (for the pre- 
vious recent reviews in the structural chemistry of homocyclic selenium molecules, see 
Refs. $7-9). Although the molecular structures of the selenium- and telluriumcontaining 
species are often similar to those of the analogous sulfur compounds, there are also 
pronounced differences among the three chalcogen elements. For instance, selenium and 
tellurium have weaker ability to form homocyclic molecules than sulfur. In fact, the 
polymeric trigonal chains of selenium and tellurium are the most stable forms of the two 
elements. However, Se6, Se7, and Ses ring molecules are known for selenium and have 
similar molecular structures as analogous sulfor species. In the case of tellurimn, the exis- 
tence of Tes has been suggested but not confirmed. The impetus in the study of elemental 
selenium and tellurium centers on their semi- and photoconducting properties requhing 
structural characterization of their molecular forms as well as information on their 
interconversion pathways. 

The chemical and structural similarity of the three chalcogen elements has led to 
investigations on the structures and properties of the binary and ternary systems. There 
are some recent reviews on the binary selenium sulfides [5,9-121. Because of the close 
similarity between sulfur and selenium, the latter can be introduced into the sulfur system 
as a chemical label. Heterocyclic selenium sulfides can therefore serve as model com- 
pounds to study the structural and chemical properties of either sulfur or selenium mole- 
cules. Selenium sulfides also bridge the properties of an electrical insulator (sulfbr) and a 
semiconductor (selenium). The heterocyclic tellurium-containing species are much 
sparser, and therefore very little is known about their properties. 

In addition to electrically neutral all-chalcogen homo-. and heterocyclic species, 
many related compounds containing chalcogen-chalcogen bonds are known. It is well 
established that sulfur, selenium and tellurium can be oxidized to form cyclic cations with 
or without exocyclic halogen atoms [4-9,13-l 51 and it has been found very recently that 
selenium and tellurium can also form cyclic anions [16-191. When the chalcogen rings 
are oxidized with trifluoroperoxyacetic acid, homocyclic species with exocyclic oxygen is 
formed [4-6,9,20-221. Heterocyclic chalcogen rings are also found in transition metal 
complexes with the polychalcogenide acting as a chelating ligand [23-271. Many of the 
transition metal polychalcogenides can be used as precursors for cyclic chalcogen 
molecules. 

The present review describes the Rreparation, identification, and structural charac- 
terization of homo- and heterocyclic chalcogen molecules as well as advances made in the 
study of their interconversion pathways. The emphasis is on recent progress, but for the 
convenience of the reader, older literature is also cited when appropriate. 
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B. PREPARATION OF CHALCOGEN RINGS 

Sulfur is an abundant element in nature occurring in the Earth’s crust both as a free 
element and as sulfide minerals. Crude oil contains organic sulfides, and natural gas con- 
tains hydrogen sulfide. It is well known that cyclooctasulfbr Ss is the thermodynamically 
stable molecular form in NTP (see for instance Ref. 28). All other homocyclic sulfur 
molecules are only metastable and revert eventually to Ss. Sulfur is manufactured from 
natural deposits by Frasch and Claus processes followed by various purification processes 
as have been described previously [4,6,28]. Elemental selenium and tellurium are much 
less abundant in nature and occur normally together with sulfur in the sulfide ores. They 
are manufactured during the refinement of the metal [29]. 

There are several synthetic laboratory routes to produce cyclic chalcogen molecules 
of different ring sires as summari zed in Table 2. Although some reactions result in the 
formation of pure stoichiometric compounds, mixtures of different molecular species are 
produced in many cases. The isolation of individual molecular species may sometimes be 
based on the differences in solubility or carried out using preparative HPLC. The 
identification of chalcogen molecules in the mixtures is discussed in the following 
sections. 

Three crystalline forms are known for cyclooctasulkr [94,99-1021. The thermody- 
namically stable orthorhombic a-Ss is the eventual end-product in all reactions producing 
elemental sulfur. It is readily formed upon crystallization of sulfur in CS2. Monoclinic ,!?- 
Ss is stable above 954°C [3-6,101,102] and is formed when liquid sulfur solidifies at 
115°C. Monoclinic B-S, is most conveniently formed upon spontaneous decomposition of 
copper(I)ethylxanthate in pyridine solution [94]. 

There are three crystalline forms of cyclic Ses [35,36,97,98,103,104]. Monoclinic 
a- and /l-selenium are conveniently obtained by extracting and crystallizing amorphous 
selenium with CS2 [7-9,35-381. After crystallization, the two forms must be manually 
separated under a microscope. Se6 is also formed upon crystallization [39]. The third 
form of Ses, monoclinic y-selenium is formed upon the decomposition of Se&JCSHl& in 
CS2 [97,98]. 

Homo- and heterocyclic chalcogen molecules can be produced, from the melts of 
the elements or element mixtures (see Table 2). Melting is followed by quenching in 
liquid nitrogen or in an ice bath and by extraction of the melts using non-polar solvents 
(usually C!$). When possible, the product mixtures are purified by fractional crys- 
tallization. 

The condensation reactions of chalcogen hydrides and chlorides provide for the 
controlled preparation of chalcogen rings [57-63,65]. The method is particularly useful 
for producing a variety of homocyclic sulfur molecules. The ring size is adjusted by se- 
lecting a suitable chain length for the starting sulfanes H& and chlorosulfanes S,,&. It 
was initially thought that HCl is needed to catalyze the reactions of longer chlorosulfanes 
[57], but this has later proved to be unnecessary [105]. In principle, it should also be 
possible to prepare homocyclic selenium rings using H$e and Se& but there is no 
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TABLE 2 

Laboratory preparation of chalcogen ringsa 

Reaction Products Ref. 

Molten elements: 
(a) Sulfur 
(b) Selenium 
(c) Sulfur-selenium 
(d) Sultbr-tellurium 
(e) Selenium-tellurium 
(t) Sulfur-selenium-tellurium 

S, (n = 7,8,12,18,20) 28-34 
Se, (n = 6-8) 31-41 
s%sS -n 42-48 
Te,ss - II 43,49,50 
Se,Te, _ ,,, Se,Teg _ n 5152 
Se,& _ “, Te,,Ss _ ,,, SeTeSs 5053 

Reactions of Se02 
(a) With SO2 or NzH,t 
(b) With H2S 
(c) With R-CS-NI-ICI-I&jHs 

Se, 54 
%s8 -n 55 
%1~8 - n 56 

Reactions of S&12: 
(a) With H$$, 
(b) With H2Se 
(c) With KI 

S n + m (SC SlO, sl2, s18, s20) 57-61 
s%sS -n 62,63 
s, (n = 6-) 64 

Reactions of Se&12 
(a) With H$$, 
(b) With KI 

SeA2-, 65 
S%, se8 8 

Reactions of S,,,Cl$k$& mixtures with KI s%sS - ” 

Reactions SeCl4 with H#,, s%sS - II 

Reactions of TeC14 (TeBr4) with H2S, Tens8 - n 69 
C12TeI$ (BrzTeS7) 70,71 

Reactions of [TiCpzSs]: 
(a) With S&12 
(b) With SO2C12 
(c) With Se&l2 
(d) With Se,Br, 
(e) With Se2C12/S2C12 
(f) With SeS$kCl~ 

S5 + n (SC S7r %, sll, sl2, 543) 72-76 

Slo, s15, s20 72,77-80 
1,2-Se&, SeSs, 1,2,3-Se$s 81,82 
SeSs, 1,2-Se&, 1,2,3-Se& Se$Ila 83 

%ls7 - m %Al 68 
1,7-Se310 84 

Reactions of [TiCp$es]: 
(a) With Se&l2 
(b) With SC12 
(c) With S&l2 

Se7 85 

se,S 85 
1,2,3,4,5-Se& 85,86 

Reactions of [TiCp$?Ie,,Ss _ ,,I 
with Se&l2 or S&Y2 Se,S7 -x 

66-68 

65 

87 
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Reaction Products Ref. 

Reactions of friC@&-S&TiCp& 
(a) With S&I2 
(b) With Se$& 

Reactions of fTiCp&Ae&TiCp2] 
(a) With S2Cl2 
(b) With Se@2 

Reactions of [TiCpz@-Se,& _ ,,)ZTiCpz] 
with S&I2 or Se&12 

S, (Sk s7, s8, slo, s15, s20) 
1,2,5-Se&+ I ,2,5,6-Se4S4 

1,2,5-Se& &2,5,6-Se.& 

Se8 

sens8 - n 

Reaction of piCp&-Te& _ &TiCpz] 
with S2Ci2 TeS7, 1,2*Te& 92 

Reactions of [TiCpz(CO)& 
(a) With S&Cl2 
@) with S&,$12 

2 + n 659, SlO) 

5+n 
93 
93 

Miscellaneous reactions: 
(a) Decomposition of CuSSCOC2H5 Monoclinic y-S8 94 
(b) Reaction of Na&O&q) with HCl(aq) S6, S7, Ss 95,96 
(c) Reaction of Se&KSHl& with CS;? Monoclinic y&s 97,98 
(d) Oxidation of Sb or 57 with CF$OOOH S~O 77,78 

88 
88 

88-90 
88 

91 

aEarly literature has been discussed in refs. 3-l 2. 

published information about the reaction. It is possible that polymeric hexagonal a-sele- 
nium is formed in the reaction. Hydrogen selenide and chlorosulfanes [62,63] and sul- 
fanes with dichlorodiselane [65] produce mixtures of cyclic selenium sulfides. 

Transition metal chalcogenides of the type [TiCpzES] and [TXp2&-E?)2TiCp2] 
(E = S, Se; Cp = C$L,- or its alkyl substituted derivative) are also useful reagents for the 
preparation of both homo- and heterocyclic chalcogen rings. The reaction of [TiCp$,] 
with S&I2 results in the formation of S, + s ring molecules [72-761. Cyclodecasulfin St0 
is formed together with small amounts of SIs and S2,-, when [TiCp&] reacts with SO&& 
[72,77-80]. Upon reaction with Se2C12 a seven-membered heterocycle 1,2-V%+& is 
formed [82]. It quickly equilibrates in CS2 solution to Se!& and 1 ,2,3-Se3Ss accompanied 
by small amounts of twelve-membered selenium sulfide rings Se,,Sr2_. [81-83]. It has 
recently been observed that SeSC12 can be obtained by mixing S&l2 and Se&l2 [68,106]. 
The reaction of this mixture with [TiCp2Ss] affords expectedly ST, Se& and 1,2-Se2SS as 
the main products [68]. l,ZSe& can be chlorinated to form SeS,SeC12 [84]. Its reaction 
with [TiCpzSJ produces 1 ,7-Se2St0. 
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The reactions of [TiCpzSes] are similar to those of [TiCp2S5]. The range of prod- 
ucts is limited by the availability of chloroselanes of different chain lengths, The reactions 
with SC12, !&Cl,, and Se#& produce pure stoichiometric SesS, 1,2,3,4,5-Se& and Se7, 
respectively [85,86]. The reaction of [TiCp$e,,Ss _ ,] mixtures with S&l, or SezClz also 
results in the formation of seven-atomic selenium sulfide ring molecules with relative 
amounts expected from the composition of the starting mixtures [87]. 

Dinuclear [TiCp&-E&TiCp.J (E = S, Se) may be formed either by deehalcogeni- 
zation of [TiCpzES] [108] or by reducing the chalcogen element with LiiHEt~ and treat- 
ing the resulting suspension with [TiC!p$&] in an analogous manner to the preparation of 
mononuclear [TiCpZEs] [108,109] The main reaction produet is controlled by the molar 
ratio of [TiCpZCIZ] and chalcogen. [TiCp2(c1-EJ2TiC!pz] also reacts with chalcogen 
chlorides to form chalcogen rings as shown in Table 2. For instance, [TiCp&- 
Se&TiCpJ and S&12 form 1,2,5,6-Se& [88,89]. Steudel et al. [88] have observed that 
the reaction also produces a seven-membered selenium sulfide 1,2,5-Se& It is interest- 
ing to note that the reaction of [TiCp&Se&TiCp,] with S&l2 results in the formation 
of identical products. The reaction of [TiCp#-Se&TiCp-J with SCIZ or !3$1, in the 
molar ratio 1: 1 was reported to produce [TiCp$e&] (selenium atoms in positions 2, 4 
and 6) and [TiCp$e4S], respectively [go]. The treatment of these two titanocene com- 
pounds with chlorosulfanes and chloroselanes provides new routes to heterocyclic sele- 
nium sulfides. 

It is also possible to prepare mixed dinuclear complexes with the two bridges con- 
taining different chalcogen elements [91,92]. The reactions of [TiCp&Se& _ &TiCpz] 
with SC&, SZCIZ and Se+& yield a variety of Se&,, molecules with their identity and 
relative amounts consistent with the composition of the original mixture of the dinuclear 
complexes [91]. 

The reaction of dichlorodisulfane with potassium iodide produces mainly Ss and S6 
with smaller amounts of &, Sis and SZO [64]. Dichlorodiselane reacts in the analogous 
manner and yields Se6 and Ses [S]. Heterocyclic selenium sulfide mixtures can be pre- 
pared by using mixtures of dichlorodisehme and dichlorodisulfane [66-68]. All these re- 
actions probably proceed via formation of unstable chalcogen iodides. 

Literature on homo- and heterocyclic tellurium-cantaining species is rather sparse. 
The existence of cyclic Tes in zeolite matrices has been suggested [ 1 10,l 111, but not un- 
ambiguously confumed. The formation of binary Te,Ss _ n in the sulfur-rich sulfur-tellu- 
rium melt has been demonstrated by X-ray crystallographic [43], mass spectrometric [49] 
and lz5Te NMR spectrometric [50] studies. The last may also indicate the presence of 
small amounts of Tes in the sulfur tellurium melt. NMR spectroscopic observations also 
show the existence of 1 ,2-TeSeS6 in the ternary sulfitr-selenium-tellurium melt. Nagata et 
al. [5 1,521 have succeeded in crystallizing disordered Te,,Se, _ n and Te,,Ses _ ,, phases 
from the selenium-tellurium melt. Tellurium tetraehloride and tetrabromide react with 
hydrogen sulfide to produce Te,& _ ,, [69], ClzTeS, and BrzTeSt [70,71]. The reaction 
utilizing [TiCp2@-Te,S2 _ ,),TiCpz] and S2C12 has recently been shown to produce TeS, 
and 1,2-Te& [92]. 
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C. BONDING CHARACTERISTICS OF THE CWWEN RINGS 

Chalcogen-chalcogen bonds are very flexible and adapt themselves to many diffbr- 
ent chemical s~o~d~~. The general properties of sul~~~~ bonds have been re- 
viewed by Meyer [ 1121 and Steudel [ 1131. It is now generally believed that the bond pa- 
rameters observed in polymeric sulfur, selenium and telhuium best represent the un- 
strained chalcogen-chalcogen bonds. The experimental bond geometries are presented in 
Table 3. The torsion angle of near 90* has been explained in terms of the mutual interac- 
tion of the p lone-pair orbitals of the neighboring chalcogen atoms. The slight deviation 
from 90” can be explained by taking into account the interaction between the atoms i and 
i + 2 (for example, see the discussion in Ref. 113). Recent ab initio crystal orbital (CO) 
calculations [l IS] on the torsional potential in suhbr helices and density functional stud- 
ies on the energy surEaces of polymeric sulfur and selenium [119] yield geometrical pa- 
rameters that are iu agreement with experimental values. A variety of ab initio MO calcu- 
lations of disulfane and other dichalcogen hydrides at different levels of sophistication 
also reproduce the bond geometry of a single chalcogen-chakogen bond [120-122 and 
ref% therein] . However, there is exigent ~fo~tion available only for IISSEI. The 
microwave spectroscopic determination of the molecular structure and the experimental 
rotational barriers [123 and refs. therein] are in agreement with the values obtained fiam 
the MO calculations. 

The structural and electronic features of the different chalcogen-chalcogen bonds 
are rather similar [ 12 1,122] as exemplify by the ab initio MO energy diagrams of all 
members in the HSe& _ nH series shown in Fig. 1. The valence orbit&s seem to be rather 
insensitive to the substitution of sulfur by selenium or vice versa. This is further empha- 
sized by the fact that the calculated energy change to form two S-Se bonds fionz one S-S 
and one S&e bond is very small [ 121,122], in good agreement with the enthalpy of 
mixing of liquid sulfur and selenium [124] or with the enthalpy change in the reaction of 
gaseous Sz and Sez to form SeS(g) [ 1251. The electronic structures of the chalcogen hy- 
drides involving telhuim seem to be somewhat more different [ 1221. 

Cyclic chalcogen molecules show very similar bond parameters to the polymeric 
chalcogen chains. This leads to the existence of puckered ring molecules as shown in 
Table 4. It is readily seen that, in the solid state, the molecules having the same ring size 

TABLE 3 

Bond parameters in polymeric suifur, selenium, and teIlurium 

Species Bond length (pm) Bond angle (“) Torsion angle (“) Ref. 

Sulfilr 206.6 106.0 85.3 1128 
Selenium 237.3 103.1 loo.7 116 
Tellurium 283.4 103.1 loo.6 117 

BMeyer [ 1121 has based the estimation on the dif?kaction data of Lind and Geller [ 114,115]. 
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llb 32a lS;b= m 2ob 41a _ 24b - 
12a E 31a = 17a - Zla = 4Oa E 26a m 
lob = 3oa = 14b 

--_ 
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= 19b = 39a = 23b = 

29a - 16a- 2Oa 38a 25a 
9b 28a 13b 18b 37a 22b 

1l-h 'YI" 1% - 19s - 3ha - 24a - --- - AI1 - -I 

8b - 2&- 12b 17b- 35a - - 21b - 

9a - 25a - 14a = 18a - 34a - 23a 

HSSSH HSSeSH HSeSeSH 
HSeSSH HSeSSeH HSeSeSeH 

Fig. 1. The orbital energies of HSe,& _ ,,H (n = O-3) [ 1211 (0 Elsevier Science Publishers). 

show similar molecular geometries regardless of the chemical identity of the chalcogen 
atoms. 

In the following, the structures, bonding characteristics and spectroscopic properties 
of the different chalcogen rings are described according to their ring sixes. The ex- 
perimental observations are complemented by the theoretical studies, where appropriate. 

D. EIGHT-ATOMIC RING MOLECULES 

All three polymorphs of cyclooctasulhtr consist of puckered crown-shaped mole- 
cules with an idealized point group DM as shown in Table 4 [94,99-1021. The bond pa- 
rameters in each polymorph are rather similar. The crown-shaped eight-membered sulfur 
ring is also found in many adducts as exemplified by CH13 - 3Ss [ 1421, Sb13 - 3s8 [ 1431, 

D0henMlI~~8 [1W, SnI4-2S8 11451, (PPhih~AgzSzol~~8 11461, ~NP~hMAg&11~ 
s8 11471, [Ag@&](AsF6) 11481, [~~bd~~, 11491 and [wcbsl’s, [1501. 

Coppens et al. [99] have reported the charge distribution in orthorhombic a-S8 on 
the basis of low temperature crystal structure determination by X-ray and neutron dif- 
fraction. Their data indicate that, along the S-S bond, the electron density has a compli- 
cated double maxima distribution with remarkably small electron surplus at the midpoint 
of the S-S bond. Evidence was also obtained for a p lone-pair orbital of sulhtr perpen- 
dicular to the bonding plane. The SCF-&z-SW calculations of Salahub et al. [151] and 
the density functional approach of Hohl et al. [ 1521 were able to reproduce qualitatively 
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TABLE 4 

The molecular structures of the chakogen rings in the solid state 

Molecule Example Ref. 

S6 126,127 
Se6 128 
SeSS 85 

s7 
Se7a 

Se92 

Tense7 - ,, 

129,130 

85 
52 

% 94,99-102 
Se8 35,98,103,104 

SeA -” 47,55,81,89,133-136 
Te,Seg _ ” 51 

SlO 78,137 

%I 75,138 

s12 76,139 

SeA2-, 65 

s13 

S18 60,140,141 

s20 

75 

60,6 1 

aThere is no reported crystal structure for Se7, but the molecule is found in two ionic products 
[Na( 12-crown-4)2+]2Ses2-.(Se+j,Se7) [ 131 and (NEt4+)2[Ses2-- 1/2S%.Se7] [132]. The structure ] 

and conformation of Se7 in these two compounds is similar to that of S7 [ 129,130]. 
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the experimental charge distribution. The latter could even estimate the lone-pair density 
as well as the double maximum distribution along the !%-S bond [ 1521. 

The multiple temperature single crystal X-ray difiction study of monoclinic /?- 
sulf?.u has revealed that there is an order-disorder transition at 198 K [102]. Above the 
transition temperature, one-third of the molecules is disordered, there being two possible 
orien~tions for these molecules in the lattice (see also [lol]). The ordering energy is es- 
timated to be ca. 5 kl mol-r with the upper limit for the barrier between the two sites ca, 
21 kJ mol-r . A simple pathway has been suggested for the transformation mainly consist- 
ing of an independent molecular rotation. The calculated energy surface in the vicinity of 
the two minima is consistent with the crystallographic thermal motion. 

Theoretical calculations have been performed to predict the molecular geometry 
and electronic structure of Ss. The molecular mechanics method has been applied to sev- 
eral homocyclic species [153]. Small sulfur molecules have also been studied by the 
Huckel method [ 154-157) and there are several semi-empirical calculations [ 157-1751 
with special emphasis on the inte~re~ion of the phot~lec~on [157,163,1~,175-178] 
or optical absorption [ 156,165,166,178,179] spectra and on the estimation of the forma- 
tion energetics [ 167-1721. The SCF-X&W MO technique has been applied, in addition 
to the electron deformation density distrmbution study described above, to the investiga- 
tion of the structural changes in small sulfur rings on oxidation and reduction [ 1801. 
Richardson and Weinberger [ 1781 interpreted their UPS, XPS and UV-absorption spectra 
with the help of SCF-Xc&W calculations. 

With the development of computational techniques it has also become possible to 
perform more extensive ab initio molecular orbital calculations at various levels of so- 
phistication for cyclooctasul~r ~120,181-1911. The degree of agreement between the 
calculated and observed geometrical parameters depends on the level of sophistication of 
the method. Some recent ab initio geometries are listed in Table 5. It is well known that 
with the exception of the STO-3G basis set, the correct prediction of the bond parameters 
requires 3d-polarization mnctions as clearly demonstrated by Hinchliffe [192] and 
Marsden and Smith [193] for the S-S bond of H2S2. It is seen from Table 5 that with a 
flexible basis set, the agreement between the calculated and experimental geometry of Ss 
is excellent. 

Bimer et al. [ 1201 have estimated the ring strain by comparing the total energy of 
the Ss molecule with that obtained by conside~ng the energy increment per sulfur atom in 
polysulfanes. They concluded that the cyclooctasul%r ring is practically strainless. This is 
in agreement with the earlier semi-empirical calculations of Baird [ 1681 and verifies the 
original suggestion of Benson [ 1941. 

Molecular dynamics simulation has proved to be an effective technique to study the 
structural chemistry of sultur in the molten state [195-1971. The combination of density 
functional formalism with local density approximation for the exchange-correlation en- 
ergy and molecular dynamics with simulated annealing techniques yields a parameter-free 
method for calculating the ground-state geometries and electronic properties of the 
molecules (for general description of the method, see refs. 198-202 and references 
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8 10 12 14 16 eV 

Fig. 2. Comparison of the He(I) photoelectron spectrum of Ss [176] with the ground-state 
eigenvalue spectrum calculated using MD DF techniques [ 1521. The vertical lines indicate the 
energies of the molecular orbitals in the p band (0 American Institute of Physics). 

therein). Hohl et al. [ 1521 have applied the method for sulfur rings S3-St3. The agreement 
between the calculated and the experimental geometries for Ss [203] is shown in Table 5. 
The calculated eigenvalue spectrum of Ss also reproduces the He(J) photoelectron 
spectrum of sulfur vapor at 413 K (see Fig. 2) in a satisfactory manner. Jones and Hohl 
[203] have shown that in addition to the Du isomer of Ss there is another isomer that lies 
ca 42 kJ mol-’ higher in energy. This isomer has a molecular symmetry of C, and shows 
alternation in bond lengths and torsional angles. The two isomers of Ss are shown in Fig. 
3. They serve as models for all different cyclic chalcogen species, since rings with high 
symmetry (e.g. E6, Es, EIO, Er2, etc.) show only small or no alternation in the bond lengths 
and torsion angles, while the alternation in both the bond lengths and torsional angles is 
significant in molecules with low symmetry (e.g. E7, Es, Et I etc.). 

There are several reports of vibrational spectra of Ss and the force-field calculations 
have been performed for the assignment of the fundamental vibrations. The main features 
of the vibrational spectra of Ss and other homocyclic sulfur molecules have been 
reviewed several times [3-6]. The fundamental vibrations calculated with various ab ini- 

Fig. 3. Two possible isomers of Ss and Ses. (a) DM structure, (b) Cz structure [$03]. 
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tio MO approaches at different levels of theory provide a qualitative agreement with the 
experimental values [ 120,187-1901. Gramaccioli and Filippini have carried out a lattice- 
dynamical calculation for orthorhombic Ss with a non-rigid model for molecular bodies 
[204]. Venutti et al. [205,206] report a molecular dynamics sim~~ion of the crystalline 
Ss and apply the model in the prediction of molecular vibrations. Recently, Ghang et al. 
12071 and Harvey and Butler [208] have recorded the Raman spectrum of 5s at 10 K and 
40 K, respectively, and discussed the assignment of the new features. Wang et al. [209], 
Wolf et al. [210] and Nagata et al. [2 113 have studied o~orhombic Ss under pressures up 
to ca. 10 GPa and found a reversible phase change at 5-6 GPa. The high-pressure phase 
was suggested to be composed of sulfur chains [210,2 111. Raman spectroscopy has also 
been used in the identification of molecular species in sultbr vapor [2 12,213]. The 
utilization of Raman spectroscopy in the analysis of molecular mixtures of elemental sul- 
fur is discussed in more detail below. 

The molecular s~c~es of the three known crystalline modi~cations of cyclooc- 
taselenium are similar to cyclooctasulfur (see Table 4) [35,97,98,103,104,209]. The in- 
termolecular distances in all crystalline forms are significantly shorter than the van der 
Waals’ distance as is also the case in Ss [94,99-1021. However, the intermolecular inter- 
actions in Ses seem to be stronger than those in Ss [5,7-93. This is particularly the case in 
y-Ses [97,98] where the shortest observed inte~olecul~ distance is actually shorter than 
in any modification of Ss [94,99-1021, 

Due to the obvious computational difficulties, there are very few theoretical calcu- 
lations on Ses comprising mainly a few extended HUckel and semi-empirical studies 
[165,166,185,215-2171. Up to the present, there are no reports on the ab initio calcula- 
tions of cyclooctaselenium. The most reliable predictions of molecular geometries of Ses 
and otber smaller selenium rings come from the.parameter-free density functional calcu- 
lations of Hohl et al. [2 181. The calculated structural parameters [203] (rSeSe = 235.1 pm, 
(r = 107.2”, t = 99.7O) are in agreement with the experimental values for Ses 
(rsese = 233.4-234 pm, a = 105.7-105.8”, r = 101-101.4°; see ~35,97,98,103,104,209]). 
The density functional calculations of Jones and Hohl [203] indicate that Ses has a low- 
symmetry isomer ca 39 kJ mol-t higher in energy (see Fig. 3). A similar isomer was also 
found for Ss. 

The vibmtional spectrum of Ses has been reported several times and assigned on the 
basis of the force-field calculations (see [8,9] for recent reviews). Nagata et al. have 
studied the dependence of the solid state Raman spectra of monoclinic a-Ses and See on 
hydrostatic pressure [2 191 and recorded the photoconductivity and photoacoustic spectra 
for all known crystalline allotropes [220]. The results are discussed in terms of intermo- 
lecular interaction. 

Becker et al. [221-2231 have recorded vacua-UV-phot~lec~on spectra of ele- 
mental selenium and discussed the results in terms of geometries and electronic structures 
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of homocyclic Se, (n = 5-8) molecules. The difference in the 10.0 eV photoelectron 
spectra of the selenium ring molecules containing even and odd numbers of selenium at- 
oms is obvious in the 4p lone-pair bands shown in Fig. 4 and reflects the differing sym 
metries of the molecules. 

“Se NhJR spectroscopy is a power&l technique to study sel~i~~n~~~g mo- 
lecular species. The ‘?Se isotope has a natural abundance of 7.58%, a nuclear spin of l/2, 
and a sensitivity of 2.98 relative to that of i3C (for NMR spectroscopic data of ?‘Se, see 
for instance [224]). In CS2 solution at room temperature, Ses shows the “Se NMR signal 
at 614.6 ppm relative to neat Me$e [225,226]. In the spectrum of the molten mixture of 

(a) Experiment (b) Theory 

7 8 9 107 8 9 10 
Ionization Potential (eV) 

Fig. 4. The comparison between (a) the exptkimental IO.0 eV photoelectron spectra of Sq, S%, 
Sg and Ses and (b) calculated spectra. The/ MO energy scheme of Ikawa it aI. 1223 and re&. 
therein] is also shown (0 Verlag der Zeitschri~ tUr Na~~o~ung~). 
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sulfur and selenium recorded at 13YC, the resonance due to Ses appears at 621 ppm 
[227]. The signal remains a singlet in the 77Se-enriched sample (enrichment 92%) [225] 
indicating that the cyclooctaselenium molecule has the symmetry of DM with all selenium 
atoms both chemi~lly and m~~cally equival~t. 

The existence of the Tes ring in xeolites has been suggested based on conductivity 
measurements and Raman spectroscopy [ 110,ll I]. This suggestion has not been con- 
firmed, but very recently, in connection with a 12sTe NMR spectroscopic study of the sul- 
~-tell~~ and sag-seleni~-teI1~~ melts at 145’C (see below for a more detailed 
discussion), a weak resonance was observed at 848 ppm relative to neat Me2Te at room 
temperature, which could be caused by the presence of Tes in the melt. [50]. 

(iii) Iieterocydic chaicogen molecdes 

The similarity of sulfur and selenium is reflected by a complicated binary system 
between the two elements. As discussed above, most of the synthetic methods listed in 
Table 2 produce mixtures of various selenium sulfides. In fact, only the reactions of ti- 
tanocene corners of the types ~Ti(C~H~~E~] and [Ti(C*H~~~-~Ti(~~H~)2] (E = S, 
Se) with dichlorosulfhnes or dichlorodiselane are known to result in the formation of pure 
stoichiometric compounds, The eight-membered species Se,& _ ,, are the most abundant 
and most stable molecular species found in the sulfur-selenium mixtures, although HPLC 
and NMR investigations indicate that many systems also contain heterocyclic selenium 
sulfides of other ring sizes. The early ch~c~ri~tion of the cyclic seienium sulfides has 
been reviewed several times [9-121. 

The 30 possible selenium sulfide rings Se&$ _n are listed in Table 6 together with 
the abbreviated notation used below, In addition to the structural isomerism between the 
rings of the same elemental composition, several molecules are chiral and can in principle 
exhibit optical isomerism. Theoretically, there are equally many isomers for the binary 
Te,Ss _” and Te,,Ses _,, ring molecules, and for the ternary rings Te,Se,&, 
(n I- m + y = 8), there are as many as 414 possible isomers. However, only a few tellu- 
rium-containing ring molecules are known. 

Several attempts to determine the crystal structure have been made for the binary 
selenium sulfides Se,& _n [47,55,81,89,134-1361. Fupp and Weiss 1691 have reported a 
single crystal X-ray diflraction study of Te,,Ss _ n and Nagata et al. [52] have determined 
the crystal structure of the mixed tellurium selenide phase Te,,Ses _ n. A preliminary X-ray 
difliaction of sulfur-rich sulk-seleni~-teller phase has indicated that the crystal is 
isomorphous with orthorhombic a-sulfur and is therefore also composed of eight-atomic 
ring molecules. All crystal structures reported up to the present have been disordered with 
different chalcogen atoms randomly distributed over the atomic sites. X-Ray 
crystallographic studies have therefore only indicated that the overall conformations of 
the ei~t-Alec chalcogen heterocycles are similar to those of S, [94,99-1021 and Ses 
[35,97,98,103,104,209], but the calculation of accurate bond parameters and the identifx- 
cation of individual molecular species have not been possible even in the cases of 1,2,3- 
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Se435 [Ml, 1,2,5,6-Se& [89], and SerS [136] which are known to be stoichiometrically 
pure or nearly so. 

Vibrational spectroscopy provided the first use&l indications of the molecular 
composition of selenium sulfide mixtures [g-12,68]. The force constant calculations for 
selected Se,& _ 19 species [228,229] have established that the Se-S stretching region 
(400-320 cm-r) is sensitive to the chemical en~o~ent of the bond. With two cumulated 
Se-S bonds (the structural unit -S-Se-S), the ~b~tional coupling causes large splitting 
between the symmetric and asymmetric stretching vibrations. When there are two or more 
adjacent selenium atoms, the Se-S bonds are further separated and the vibrational 
coupling is smaller and causes the symmetric and asymmetric stretching modes to 
coincide. The Raman spectra of 1,2,3-Se& 1811, 1,2,5,6-Se&& [S9] and Se+ [136] could 
be assigned on the basis of these force field calculations. The spectra of two former 
species are shown in Fig. 5. 

The Se-S stretching region of the Raman spectra of crystalline Se,&+ phases ob- 
tained by quench~g and recrystallizing the molten mixtures of the elements indicate that 
both structural units, S-Se-S- and -S-Se,-% (n 2 2) may be present, but that the latter is 
more abundant 12281. Ibis conclusion finds support from the observation that the Se-Se 
stretching vibrations are seen in the Raman spectra of these phases even when the 
selenium content is low [48,228,230,231], ruling out the report that pure 1,3,5,7Se&$ 
could be prepared from sulfur-selenium melt [232]. Ss and Sg are also present in some 
samples 22281. The spectrum of the crystalline product obtained in the reaction of the 
Se2C12-S&l2 mixture with KI shows two strong bands at 380 and 340 cm-l indicating the 
presence of -S-Se-S- units in significant abundance [68]. The formation of isolated sel- 

TA0LE 6 

The abbreviated notation for all possible Se,& _ It ring molecules8 

Se& 1,2-Se& 

AI A2 
1,3&$&j 

B2 
1,4-se& 

c2 
1,5Se& 

D2 

1,2,3-Se& 

A3 
1,2,4-se$$ 
83 
l,2S-Se& 
c3 
1,3,5-Se& 

D3 
1,4,6-Se& 
E3 

1,‘&3,‘%-Se&4 
A4 
1,2,3,5-se& 

B4 
1,2,3,6-Se& 

c4 
1,2,4,%%4s4 

D4 
1,2,4,6-Se&+ 

E4 
1,2,5,6&e& 

F4 
1,2,4,7-Se4S4 

G4 
1,3,5,7-se4s4 

H4 

1,2,3,4,5-Se& 

AS 
1,2,3,4,6_Se& 

B5 
1,2,3,5,6-Se& 

c5 
1,2,3,5,7-Se& 

05 
1,2,4,6,7-Se5S3 
ES 

1,2,3,4,5,6-Se&& SqS 

A6 Al 
1,2,3,4,5,7-k& 

B6 
1,2,3,4,6,%Se& 
Cti 
1,2,3,5,6,7-Se,$2 
D6 

aHomocyclic Se and Se* are excluded from the table. 
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Ah @I 

500 400 300 200 100 cm-’ 

Fig. 5. Low-temperature Ramau spectra of (a) 1,2,3-Se& [85] (0 Johann Ambrosius Barth 
Verlag) and (b) 1,2,5,6-Se$$ (adapted from [89], 0 American Chemical Society). 

enium atoms in the Se,& _,, rings have been explained by the formation of SeSCI, from 
S2C12 and SezClz in solution. There is independent mass spectrometric, Raman spectro- 
scopic and 77Se NMR spectroscopic evidence of the equilibrium between SeSClz, S&l2 
and Se& [68,106]. 

77Se NMR spectroscopy is the most powerful technique to date to identify individ- 
ual selenium sulfides in mixtures of complicated composition [225,226]. The spectral 
assignment is based on the combined information from the natural-abundance samples 
and from the samples of the same chemical composition but involving selenium enriched 
with 77Se-isotope (enrichment 92%). The NMR spectra of the CS2 solutions from the 
quenched natural-abundance and 77Se-enriched sulfur-selenium melts both containing 
30 mol% of selenium are shown in Fig. 6. The spectrum in Fig. 6(a) is from a natural- 
abundance sample and that in Fig. 6(b) is from the enriched sample. Due to the low natu- 
ral abundance of 77Se-isotope, the 77Se-77Se coupling can only be observed by the ap- 
pearance of small satellites that are often lost in the background, Full coupling informa- 
tion is only obtained when the enrichment of the 77Se-isotope is sufficiently high as ex- 
emplified in Fig. 7 showing the details of the splitting patterns and the interpretation of 
the spectrum in Fig. 6(b). For three-spin systems, the assignment of the resonances is 
straightforward and could be carried out by visual inspection, but the second order effects 
become more pronounced in the signals in more extensive spin systems and they have to 
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t I I1 I I I I, I I t I, I, I , I I I I 

750 700 650 600 550 ppm 

Fig. 6. “Se Nh4R spectra of the CS2 solutions obtained ikom quenched suI~r-~leni~ melts con- 
taining 30 mol% of (a) naturaCabundance selenium, (b) 77Se-enriched-seIenium [226] (0 Ameri- 
can Chemical Society). 

be analysed by spectral simulation [226,233]. The observed and calculated transitions of 
1,2,3,4-Se& (A.,) are shown in Fig. 8 and demonstrate the power of “Se NMR spectros- 
copy. The low-field multiplet is overlapped by the quartets of 1,2,4- and 1,2,5-isomers of 
Se&& (Bs and Cs). The comparison of the enriched spectrum with the natural-abundance 
spectrum (see Fig. 6) shows that there are three discrete resonances in this region and thus 
it is possible to assign all ~sitions. 

There are several NMR resonances in the spectra of Fig. 6 that remain singlets in 
the 77Se-enriched sample indicating the chemical and magnetic equivalence of the selen- 
ium atoms within the ring molecules. These signals were assigned on the basis of the 
trends in the chemical shifts deduced fi-om unambiguously identified molecular species. 
These trends are shown in Fig. 9 and can be rationalized in terms of electronegativities of 
the neighboring atoms [226]. The chemical shifts can roughly be divided into three 
groups: The selenium atom with two sulfbr neighbors shows resonances in the region 
above 690 ppm. With one selenium and one sulfur neighbor, the signals lie at 690- 
620 ppm and with two selenium neighbors below 620 ppm. There is a secondary, cumula- 
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A3 

84 
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A4 
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-._itL_e A6 A6 
~~~~ !hJ>& 
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620 608 604 600 596 592 588 584 580 560 544 

Fig. 7. Details of the coupling patterns of the spectrum in Fig. d(b) [226] (0 American Chemical 
Society). 

I 

--._._i k: 
. . . 

6500 6400 6300 6200 Hz 2& : ?o 300 22ooEiz 

Fig. 8. Observed and calculated spectra of 1,2,3,4-Se& (A& The small signals in the middle of 
the two multipiets are caused by the existence of diffaent isotopomers of significant abundance 
[226] (0 American Chemical Society). 
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Fig. 9. Trends in the 77Se chemical shifts in (a) Se,& _ n and (b) Se,& _ n, 

tive trend within each of the three groups. When there are sel~i~ atoms in positions 
3-7 with respect to the active nucleus, the resonance is shifted downfield. These trends 
explain, for instance, why the chemical shift of Ses has the largest vaIue of all the 
molecules with two selenium neighbors and the middle selenium atom of 1,2,3-Se& 
shows the smallest chemical shift. 

Independent verification on the above-described spectral interpretation can be ob- 
tamed from the 77Se Nh4R spectra of 1,2,3-Se&, 1,2,5,6-Se,&+ and Ses that can be pre- 
pared pure enough for the unambiguous assignment of NMR resonanoes. Natural-abun- 
dance 1,2,3-Se& [226] exhibits two signals at intensity ratio of 2:l at 654.2 and 
560.6 ppm and 1,2,5,6&e& [89] and Se* [225] show resonances at 65 1.5 ppm and 
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614.6 ppm, respectively, as expected from the scheme deduced for the selenium sulfide 
mixtures. 

The ‘J(SeSe) and 2J(SeSe) coupling constants of the Se,& _ n species [226,233] lie 
in the range of 4.7-44.3 Hz reported for organic polyselenides [234]. The spectral analy- 
sis of Ad, B4, D4, A5 and A6 [226,233] shows that the one-bond coupling is of a different 
sign from those of 2J(SeSe) and 3J(SeSe) coupling constants. Presumably this is also the 
case for As, Bs and C,, but it cannot be deduced from the coupling patterns of these 
simple three-spin systems. The coupling constants of different selenium sulfide rings are 
compared in Table 7. Like the chemical shift, the rJ(SeSe) coupling coopts show a 
trend depending on the chemical environment of the Se-Se bond. In the case of the iso- 
lated bond (the structural unit -S-Se-Se-S-), the coupling is ca 50 Hz. The end bond of 
a longer selenium fragment (the structural unit -S-Se-Se-Se-) shows a coupling of ca. 
3’7 Hz and the bond surrounded by Se-Se bonds (the structural unit -Se-Se-Se-Se-) 
shows a still lower coupling of ca 20 Hz. 

It is interesting to note that two-bond coupling is more pronounced than one-bond 
coupling. Eggert et al. [234] have suggested that the magnitude of the coupling constants 
depends on the extent of interaction between the p lone-pair orbitals of the selenium at- 
oms in question, as has been shown schemati~lly in Fig. 10. The dihedral angles in the 
eight-membered chalcogen rings are close to 90” [47,5 1,558 1,89,94,98-l 04,133-l 361. 
The overlap of the lone-pair p orbitals (and thus the coupling) between the adjacent sel- 
enium atoms is therefore minimized. With atoms i and i + 2, the corresponding p lone- 
pairs are directed to the same region in space and have therefore a possibility to transfer 
coupling information. 

125Te and 77Se NMR spectroscopy have recently been applied to study the molecu- 
lar composition of sul~r-tell~i~ and sul~r-seleni~-tell~i~ melts at 145°C [50]. 
Tbe spectral ~si~ent and tbe identification of the molecular species have again been 
made on the basis of combined info~ation from the nail-ab~d~~e and from the 
77Se- and 125Te-enriched samples (enrichment in both cases 92%) also taking into account 
the observed linear relationship between the 125Te and 77Se chemical shifts [6(Te) = 
18s(Se)] [235] in analogous compounds. 

The melts were found to contain cyclic chalcogen molecules in equilibrium with 
polymeric material. The main tellurium-containing chalcogen ring in the binary sulf?.tr- 
tellurium melt (Te content 1.5-I 0.0 mol%) was TeSr [B(Te) = 13 16 ppm]. The presence 
of small amounts of 1,2-Te,S, [d(Te) = 1 I26 ppm] and its other isomers was also inferred 
from spectroscopic data [SO]. 

The tz5Te NMR spectrum of the ternary sul~r-seleni~-teller melt con~in~g 
1.5 mol% of both 77Se-enriched selenium and i25Te-enriched tellurium is shown in Fig. 
11. The melt was found to contain binary heterocycles SeS7, all isomers of Se2S6, TeS7 
and 1,2-Te& as well as its other isomers. The presence of ternary 1 ,ZTeSe& [&Te) = 
1148 ppm; 6(Se) = 493 ppm; lJ(TeSe) = 50 Hz] and 1,3-TeSe& [d(Te) = 1364 ppm, 
zJ(TeSe) = 220 Hz] as well as its 1,4- and 1,5-isomers can also be inferred from tbe 
spectrum in Fig. Il. The 77Se and 125Te NMR signals of the polymeric material could be 
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Fig. 10. The operation of the p lone-pair orhitals in three adjacent chalcogen atoms. Eggert et al. 
[234] have used these spatial relationships to explain the relative magnitudes of *J(SeSe) and 
2J(SeSe) coupling constants. 

interpreted in terms of the statistical distribution of tbe different -E,-Ez-Es- fragments 
(Et, E2, E3 = S, Se, Te) [so]. 

The mass spectrometric [49,236] and the McIssbauer [237] spectroscopic data also 
indicate the existence of TeST in the sulfirr-tekrium phases formed in the melt. 

I I I I I I I I 
1800 1600 1400 1200 ppm 

Fig. 11. 125Te NMR spectrum of the ternary sulfiu-selenium-tellurium melt containing 1.5 mol% of 
both 77Se-enriched selenium and *25Te-enriched tellurium (enrichment in both cases 92%). The 
spectrum has been recorded at 14S’C [SO] (0 American Chemical Society). 
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E. SEVEN-ATOMIC RING MOLECULES 

The seven-atomic chalcogen rings form an interesting class of compounds. The 
crystal structures have been determined for two different polymorphs of S, [129,130], 
1,2,3,4,5-Se& [85] and Te,Sq _,, [52]. In solid state, all these molecules are found in the 
chair conformation. The crystal structure of Se, is unknown, but comparison of its 
vibrational spectrum [41] to the Raman spectra of the a-tI S7 [238] indicates that it also 
has a similar structure to the other seven-atomic chalcogen rings. This is consistent with 
the existing X-ray data which show that the crystalline phase is orthorhombic and has 28 
selenium atoms in the unit cell [40]. Further support is found in two ionic products 
[Na(12-Crown-4)2+]$Ies2-*(Ses,Ser) [13 l] and (NEt,+)2[SeS2-* 1/2Ses* Se,] [132] which 
both contain a molecular Se, ring with a conformation similar to that in S7 [ 129,130]. 

All seven-membered chalcogen rings contain a nearly coplanar fragment of four 
atoms (see Table 4) resulting in the significant alternation of the bond lengths throughout 
the molecule. This alternation has been explained by Steudel and Schuster [238] in terms 
of the mutual p lone-pair repulsion of the two central atoms in the planar four-atomic 
fragment and of the hyperconjugational interaction between these same lone-pairs and the 
empty o* orbitals of the bonds connecting the fragment to the rest of the molecule. These 
interactions are shown schematically in Fig. 12. 

The molecular conformation of S7 has been calculated using molecular mechanics 
[153], semi-empirical [168,173,239] and ab initio [186-189,241], as well as density 
functional [ 1521 techniques. CNDO [240] has been used to interpret the photoelectron 
spectrum of orthorhombic selenium, and the density functional approach has also been 
applied for Se7 [2 181 and 1,2-Se*& [242]. With the exception of the molecular mechanics 
calculations for S, [ 1531 and the CNDO study of Sq [240], all techniques predict that the 

Fig. 12. Lone-pair interactions and hyperco$gation in the seven-membered chalcogen ring as 
suggested by Steudel and Schuster [238]. 
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, ‘r 
100 cm? 500 

t 
500 300 300 100 cm-1 

Fig. 13. The low-temperature Raman spectra of 1,2,3,4,5-Se&$. Left: sample recrystallized from 
CS2 at -50% Right: spectrum of the same sample after warming above -10°C [85] (0 
Angewandte Chemie). 

ground-state has the chair-conformation with one torsional angle of ca. 0”. Dixon and 
Wassermann [I871 and Raghavachari et al. [188,189] have noted that at (12s8pld)l 
[5s3pld] and HF/3-21G* levels of theory (~s~ctiveiy) the ideal C, strncture of S7 has a 
very low imaginary frequency (21i and 18i cm-l, respectively) indicat~g that the ideal C, 
structure is not an energy minimum. By allowing a distortion to Ci symmetry, a local 
minimum only 0.08 kJ mol-l [187] or 0.8 kJ mol-i [188,189] lower in energy was 
obtained. The inclusion of electron correlation, however, reversed the relative ordering of 
the two structures with C, structure being more stable at all correlated levels. Therefore, 
the reliability of Hartree-Fock theory was questioned and the C, form was taken as the 
more likely candidate for the ground-state of Sr [ 188,189J. According to the density 
functional calculations of Hohl et al. [ 1521, however, the distortion of the S7 molecule 
from C!, seem costs practically no energy. The same is also true in the case of Se&& 
[242]. The unique torsional angle deviates slightly from 0” even in isomers where an 
idealized symmetry of C, would be expected. It seems that the observed distortions of the 
seven-membered chalcogen rings are real intramolecular effects and not caused by 
packing in the solid state. 

Urey-Bradley force field calculations have been utilized in the assignment of the 
vibrational spectra of S, [238], and 1,2-Se& [82,243] and 1,2,3,4,5Se& [85,243]. The 
power of the vibrational analysis is exemplified by the assigument of the two low-tem- 
perature Raman spectra of 1,2,3,4,5-Se& which are shown in Fig. 13. The calculated 
~d~ental vib~tions for the different isomers of the molecule are illustrated in Fig. 14. 
Only isomers in the chair confo~atio~ have been included, since that is the observed 
conformation of the molecule in the solid state [85]. It can be clearly seen that the 
stretching vibrations are sensitive probes for the presence of a particular isomer in the 
solid state. Comparing the calculated and observed wavenumbers it was concluded that 
the solid lattice consisted of two isomers labelled A and C (see Fig. 14). The relative con- 

tent of the isomer A gets higher the higher the temperature of crystallization. At -78”C, 
the two isomers are present in the ratio of A to C of 1: 1, whereas at room temperature it is 
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Fig. 14. Fundamental vibrations of the four isomers of 1,2,3,4,5Se& calculated using the 
Urey-Bradley force field [243]. 

4:1 [85]. The disorder scheme found during the crystal structure determination at room 
temperature confirms these conclusions. 

The seven-membered chalcogen rings have also proved to be fluxional undergoing 
facile pseudorotation. This was first suggested by Steudel and Schuster from thermody- 
namic vapor phase data [238]. The pseudorotation is shown schematically in Fig. 15 and 
can best be described for S, (or Se7) [Fig. 15(a)]. Consider the pseudorotation of 90” 
about the unique S-S bond (bond 7). The subsequent adjustment of all bond lengths to 
accommodate the changed chemical environments of all sulfur atoms creates a different, 
but identical S, molecule. An intermediate with C, symmetry is obtained upon pseudoro- 
tation of 45”. From this intermediate, another pathway can be conceived involving the 
pseudorotation about bond 1 that is unique in C, symmetry. This creates a molecule in 
boat conformation. The complete pseudorotation scheme of S7 thus involves two series of 
identical molecules with a common intermediate. 

The barriers of rotation about the S-S bond form a basis for discussing the energet- 
its of the pseudorotation. There have been several ab initio calculations carried out on the 
rotational barriers using sulfanes as model compounds [120-122,245 and refs. therein] 
which indicate that the c&barrier is 25-30 kJ mol-’ with the frans-barrier of the same 
order of magnitude or somewhat lower. The recent millimeter-wave and far-infrared 
spectral data on the internal rotor HSSH yields barrier heights of 33.5 and 23.8 kJ mol-i 
for the cis- and trans-barriers, respectively [ 1231. It is also in agreement with the barriers 
obtained for acyclic disulfides using NMiR spectroscopy [246]. It was estimated that the 
rotational barrier of the S-S bond in the absence of steric effects is ca 28 kJ mol-i with 
the trans-barrier probably higher than the lcis-barrier. 
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Steudel [247] has suggested that the torsional strain of the ST molecule can be re- 
garded as restricted to the unique S-S bond. Therefore, the enthalpy of formation of S, 
from the strainless Ss (24 M mol-I) can be thought to give an estimate for the torsional 
barrier. The relative energies of the different conformations of ST [ 152,173,188,189,24 l] 
and Se& f242] calculated at various levels of theory also provide means to estimate the 
barriers of p~udoro~tion. The original estimate of Steudel [247] is well reproduced by 
these calculations. The low imaginary torsional frequency cafculated for S, [187-1891 
and the energetically favorable distortion from the C, symmetry [ 1521 also indicate a 
facile pseudorotation as does (indirectly) the CNDO result which predicts the twist (CJ 
conformation of Se, to be energetically slightly more i%vorable than the chair (C,> con- 
formation [240]. 

There is also experimental evidence to support the concept of p~udo~~tion in the 
seven-atomic chakogen rings. The Raman spectrum of ST in solution [244] produces 
significantly broader bands than observed for a sample in the solid state [238]. “%e ?WR 
spectroscopy also provides convincing experimental evidence on the pseudorotation. For 
instance, Se7 shows a single resonance at 996 ppm 12481 even though four signals at the 

(b) 

Fig, 15. The pseudorotation scheme in (a} 57 and (b) 1,2,3,4,5-Se& [S6] (0 American Chemical 
Society}. 
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C’ 

Fig. 16. The different possible isomers of 1,2,3,4,5-Se& in chair and boat conformations [86] (0 
American Chemical Society). 

intensity ratio of 1:2:2:2 would be expected according to the solid state molecular geome- 
try (see Table 4). In the following, the “Se NMR spectroscopic evidence on the pse- 
udorotation of 1,2,3,4,5-Se& is described in more detail. 

The pseudorotation of 1,2,3,4,5-Se& is shown in Fig. 15(b). It is analogous to that 
in S7 but does not produce identical molecules. It can be seen from Fig. 15(b) that the S-S 
bond can wander around the seven-membered heterocycle producing eight different 
isomers with a molecular symmetry of C, of which four are found in the chair conforma- 
tion and four in the boat conformation. The eight isomers are shown in Fig. 16. In addi- 
tion, there are also four isomers with C, molecular symmetry. Optical isomers are not 
included in the discussion, since they cannot be distinguished by NMR. 

The “Se NMR spectrum of 1,2,3,4,5-Se& shows three signals at 1087.1, 1025.0 
and 978.9 ppm with an intensity ratio 2: 1:2 [86,248]. In the spectrum of the 77Se-enriched 
sample, all these resonances appear as complicated second-order multiplets [86] (see Fig. 
17). The spectrum was simulated as a five-spin [AMM’XX’] system with an excellent fit 
between the observed and calculated transitions. The coupling constants of 1,2,3,4,5- 
Se& are shown in Table 7. 

It can be seen from Fig. 16 that if the molecule undergoes no pseudorotation, only 
the isomers D and D’ are consistent with the spectral information, since all other isomers 
should show five signals in the NMR spectrum. Comparison of the trends in the observed 
coupling constants with those found in the calculated reduced coupling constants [86] 
strongly indicate that all possible isomers of 1,2,3,4,5-Se& in chairs, boat- and twist- 
conformations (C,) co-exist and rapidly interconvert in solution. It has been discussed 
above that, in the solid state, the molecule shows a chair conformation with isomers A and 
C predominant in the lattice [85]. It is unlikely that in solution the molecule would 
assume a discrete isomeric form different Ifrom those in the solid state. 

Similarly, only one resonance at 1077.3 ppm is observed for 1,2&$ls [244] which 
either indicates an isomer with the selenium atoms occupying the two:central atom posi- 
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Fig. 17. 77Se NMR spectrum of 1,2,3,4,5-Se& containing 77Se-enriched selenium (enrichment 
92%) [86] (0 American Chemical Society). 

II 1111 1 Ill1 1 l l I 

1100 1050 1000 

Fig. 18. 77Se NMR spectrum of Se& _ ,, species prepared by the reaction of [Ti(CSHS)2Se,SS _ ,,] 
with S2C12 [87] (0 Royal Society of Chemistry). 
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TABLE 8 

The product distribution (in mol%) of heteroqklic Se,& _ n molecules prepared from 

]Ti(Csl-&Se,& - ,J 1871 

[TiQ2SenS5 - # 

Product Pred. Obs. Product Pred. Obs. 

[TiCp$e5] (30%) 1,2,3,4,5-Se& 30 21 Se, 30 34 
[TiCp$e$] (32%) 1,2,3,4-Se& 32 33 123 , , , 456~Se6S , , 32 22 
[TiCp$e$2] (10%) 1,2,3-Se& 10 

27 
1,2,3,4,5-Se5S2 10 10 

[TiCp$SesS] (17%) 1,2,3-Se& 17 1 
[TiCP$Se$32] ( 11%) l ,2-SqS5 11 18 

1,2,3,5,6-SesS2 ;; :; 
1,2,4,5-Se& 

aThe content of the selenium-containing [Ti(CSH&Se,S5 _ ,.. in the starting material has been 
determined with “Se NMR spectroscopy [249]. 

tions in the coplanar fragment of four atoms or necessitates rapid pseudorotation. On the 
basis of the arguments described above, the former alternative can be ruled out. 

It has recently been shown that bis(cyclopent&lienyl)titanium selenide sulfide mix- 
tures [Ti(C5H5)2Se,S5 _ ,] can be prepared by reacting [Ti(C5H5)2C12] with an approxi- 
mately equimolar mixture of lithium polysulfides and polyselenides [249]. These mixtures 
were characterized by X-ray crystallography and “Se NMR spectroscopy. By treating 
[Ti(C5H5)2Se,S5 _ ,J with S2C12 or Se2C12, a number of seven-membered selenium sulfides 
can be prepared [87]. They were identified by using “Se NMR as exemplified in Fig. 18 
for the reaction of [Ti(C5H5)2Se,S5 _,] and S2C12. It is easy to see that the trends in 
chemical shifts in the seven-atomic rings are analogous to those in eight-atomic rings 
describe above (see Fig. 9(b)). Comparison of the predicted product distribution of the 
Se,S7 _ n molecules from the known composition of the starting [Ti(C5H5)2Se,S5 _,,I 
mixture with that determined semiquantitatively from the peak intensities is shown in 
Table 8 and supports the spectral assignment. 

F. SIX-ATOMIC RING MOLECULES 

There are three six-membered chalcogen ring molecules with known crystal struc- 
tures, namely S6 [126,127], Se6 [128] and Se5S [85]. The cyclohexasulfiu molecule is 
also found in the addition compound S6.Si0 [77,78] and Se6 in the two ionic products 
[Na(12-&own-4)2+]2Ses2-~(Se~,Se7) [131] and (NEt,+)2[Se52-* 1/2Se6-Se’] [132]. In all 
cases, the molecule is hexagonal and assumes the chair conformation (see Table 4). The 
crystal structure of Se5S is disordered as expected [85] and the molecule shows an appar- 
ent site symmetry of D3d like S6 [126,127] and See [ 1281. The six-membered ring in Sg. 
Sic has a site symmetry of Ci [78], but the bond parameters are very close to those in free 
Ss. The Se6 rings found in the two polyselenides [ 13 1,132] are somewhat more distorted. 
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Vibrational spectra of !I& [3-6,77,78,250-2531 and Ses [8,9,254,255] are well 
known and have been assie;ned with normal coordinate analysis using the modified 
Urey-Bradley force field [251,254,255]. The same force field was utilized in the calcu- 
lation of fundamental vibrations of eleven possible selenium sulfide ring molecules 
Se,Ss _ ,,. The force constants were adapted from Se and Se+ While it is not easy to iden- 
tify ~~~d~l molecular species from a complicated mixture by use of vibrational 
analysis, it was possible to assign the Raman spectrum of Se%, that can be prepared stoi- 
chiometrically pure [243]. 

The ab initio MO calculations of vibrational tiequencies have traditionally been 
problematic. Good agreement between the experimental and calculated wavenumbers re- 
quires good quality basis sets. The frequencies of S6 have been calculated at various 
levels of theory [187-l 89,256] and are shown in Table 9 together with observed funda- 
mental vibrations. Dixon and Wasserman [ 1871 note that while the overall agreement be- 
tween the calculated and observed waven~bers is fair, there are certain discrepancies. 
For instance, the al, mode that is fo~idd~ both in IR and Raman spectra has been as- 
signed the experimental value of 390 cm-’ [250,25 11. The calculated value of Dixon and 
Wasserman [187] of 466 cm-’ is clearly too large. Raghavachari et al. [ 188,189] cite a 
somewhat closer agree!ment. A reasonable agreement is only obtained when going beyond 
Hartree-Fock theory [256]. 

Whereas seven-membered chalcogen rings are fiuxional, six-membered rings seem 
to be rigid. As shown in Table 4, all known molecules assume the chair conformation 
(D&. When using the polarized basis set, the equilibrium geometry of S, calculated with 
ab initio techniques [ 187~189,241,256] is in good agreement with the observed ground- 

TMLE 9 

Calculated and observed vibrational frequencies of S6 

Mode HF/DZPa HF/3-2 lG* MP2/DZPb Experimental 

WA [188,189] I=61 Raman [77,78] IR [250,25 l] 

a& 
eti 
eg 
ah 
a2u 

alg 

iif 
Lattice 
vibrations 

475 457 493 
468 447 472 
482 457 462 
466 439 399 
324 325 323 
259 259 270 
213 214 209 
159 159 166 

471(100) 
462(2) 463 s 
451(44) 

390 vw 
313 s 

266(55) 
203(86) 

180s 
106(3) 
84(46) 

a( 12s8pl d)/[5s3pld] basis. 
b(l ls7pld)/~6s4pld] basis, 
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Fig. 19. Two possible routes for the inversion of the six-membered ring molecule from the chair 
conformation to the boat conformation. 

state molecular structure [ 126,127]. When the basis set is not augmented by polarization 
functions, the bond is estimated to be too long as expected [186,256]. The density 
functional approach for Ss [ 1521 and Se6 [218] also reproduces the experimental 
geometry, but semi-empirical methods [ 168,170,173] all predict shorter bonds. 

According to ab initio results, the boat conformation of Se (C,,) lies 50-70 kJ mol-l 
above the chair conformation depending on the level of theory [ 153,188,189,241]. The 
density functional approach [ 1521, molecular mechanics, [153] and SlNDOl calculations 
[239] yield energetics in good agreement with the ab initio values, but parametrized mo- 
lecular dynamics [196,197], MNDO [ 168,173] and CNDO [257] predict much smaller 
energy differences between the chair and boat conformations. Hohl et al. [218] note for 
Se6 that there is a low-lying local minimum for the boat conformation, but do not give its 
relative energy. 

The inversion to the boat conformation can be thought to proceed by two routes: by 
direct inversion or by pseudorotation about any bond of the molecule. These two routes 
are illustrated in Fig. 19. Direct inversion involves a semi-planar conformation (C,) as an 
intermediate. Ab initio calculations predict this conformation to be a transition state and 
lie 128-137 kJ mol-’ above the chair conformation [188,189,241]. CNDO results [257] 
place it at 95.6 kJ mol-t and MNDO calculations [ 1681 only 61.5 kJ mol-r above the 
ground-state. 

The pseudorotation about any of the six bonds of S6 proceeds through two twist 
conformations as shown in Fig. 19. The MF2/3-21G* calculations [241] show that the C, 
twist lies 13 1.6 kJ mol-t above the chair conformation and represents the energy barrier 
for this pathway. Upon continued pseudorotation, the D2 twist conformation is formed. 
This conformation represents a local mmimum and lies 57.4 kJ mol? above the chair 
conformation [241]. The boat conformatkon is easily reached from thb D2 twist and has 
MP2/3-21G* energy of 63.3 kJ mol-l relative to the ground-state. 
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The other ab initio calculations [ 153,188,189] place the Dz twist and the boat con- 
formation (C,,) at 52.7-60.1 kJ mol-r and 58.7-66.5 M mol-I, respectively, above the 
ground-state with the boat confo~ation always above the Z& twist. Electron correlation 
has only a minor effect on the energy. The rnol~~~ mechanics calculations are also in 
agreement with these results [153,258]. 

Since both pathways for the inversion of S6 showh in Fig. 19 have very high barri- 
ers, the interconversion from the chair conformation to the boat conformation or vice 
versa must be considered unlikely. The MO results indicate, however, that the boat con- 
formation, once formed, should be relatively stable against inversion to the chair co&or- 
mation. Although there is no information for the neutral chalcogen rings in the boat con- 
formation, there are some speculations on its properties [257]. A cationic Te,,S6_“2+ is 
known to exist in the boat confo~ation [259]. The SCF-X&SW copulations of Salahub 
et al. [ 180] also predict a boat ~nfo~~i~ for valence is~l~~onic Sbzi. 

It is interesting to note that the boat confo~~ion does not represent a local mini- 
mum, but rather a transition state between two LIZ twist confo~ations [ 188,189,24 I]. The 
small energy difference of 3-6 kJ mol-” [ t88,189,241] between the two conformations 
implies that the LIZ twist is fluxional, undergoing facile pseudorotation in solution at 
ambient temperatures like the seven-membered chalcogen rings. 

The 77Se NMR spectral properties of Se,& _ n molecules are much less established 
than those for Se,& _ n and Se& _ n species. The identification of the unknown molecular 
species is more problematic for the so-membe~d ring molecules than for the eight- or 
seven-members molecules, because of all the thirteen possible Se,& _n (n = O-6) 
species (see Fig. 20), one is not observable in 77Se NMR and seven show only singlets 
even when 77Se-emiched selenium is used in the preparation of the samples. 

The 77Se chemical shifts have been reported for Se& [244], 1,2,3,4-Se& [233], 

Fig. 20, The different Se,SG_, ring molecules. The known ?%e chemical shi& are indicated for 
individu~ atoms in different molecuks: SeSS [244], 1,2,3,4-Se&& 12331, SesS 11361 and SQ 
[225]. 
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Se& [136] and Se6 [225] and are indicated in Fig. 20. Because 1,2,3,4-Se& has been 
studied using 77Se-enriched selenium [233], its 77Se-77Se coupling constants are also 
known (see Table 7). From these data and from the trends deduced Tom the eight-mem- 
bered selenium sulfide heterocycles [226], it is possible to make some inferences on the 
appearance of the yet unobserved singlets. 

The ~son~c~ due to 1,3-Se&, 1,4-Se& and 1,3,5-Se& shauld appear near to 
786 ppm observed for SeSs [244], possibly slightly downfield. The signals of 1,2-Se& 
and 1,2,4,5-Se& come from selenium atoms with one selenium and one sulfur neighbor 
and therefore should appear upfield from the resonance of SeSS. The end atom of the 
-Se4-- fragment in 1,2,3,4-Se& and that of the Ses- fragment in SeSS both have one sel- 
enium and one sulfur neighbor and show a resonance at 764 [233] and.758 ppm [136], 
respectively. Therefore, this is the region where the resonances of 1,2-Se& and 1,2,4,5- 
Se.& are expected. All other Se& _ ,, molecules have both chemically and magnetically 
inequivalent selenium nuclei. The assignment of chemical shifts can be based on their 
constant expected intensity ratios, on their dependence on the en~~en~ and, if ‘Qe- 
enriched selenium is available, on the coupling patterns. 

Takahashi et al. [260] have recorded the X-ray photoelectron spectrum of Se6 and 
interpreted it with help of CNDO/S calculations. 

G. MOLECULES OF OTHER RING SIZES 

The bond-site geometries of small chalcogen molecules have been under debate 
during recent years. Although small sultbr and seleninm species have been observed in 
the vapor, there is very little experimental evidence on their structures. There is, however, 
an abundance of theoretical studies that contribute to the understanding of these systems. 

The three-membered chalcogen molecules can be thought to have an open chain 
structure (C,,) like 0s and SOz, or a ring structure (f&). All single-configuration HF 
calculations of S3 [ 189,26 l-2691 predict the ring to be more stable than the open chain 
form regardless of the level of theory. When electron correlation is taken into account, the 
order of stability is reversed. A detailed study of Rice et al. [264] demonstrates the effect 
of different levels of electron correlation on the relative energies of open chain and ring 
forms of Ss. The two minima were concluded to be close to each other in energy and thus 
both isomers should be observable. 

This near degeneracy of the open chain and ring structures of S3 was also found by 
the density functional [270,271] and molecular dynamics calculations [ 152,196] with the 
open form somewhat lower in energy. The semi-empirical methods [ 168,173,239,272] 
and the discrete variational Xa method (DVM-Xa) [273] predict the cyclic isomer to be 
the ground-state, even thou&r the examination of Xa-SW orbital energies and wave 
8mctions [188] led to a conclusion that an open form with a bond angle of ca. 120“ is a 
reasonable ~~d-s~~. When coupling the DVM-Xa method with the tuition state 
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approach to the binding energy [274], the open chain ground state is found to be lower in 
energy. 

Basch [269] and von Niessen et al. [275] have extended the argument of the ge- 
ometry of Es molecules to selenium and tellurium. It was concluded that the open chain 
and cyclic isomers of both Ses and Te3 should have nearly the same total energy. Basch 
[269] concluded that the stability of the ring isomer increases when moving down the 
chalcogen group. Simultaneously, the barrier to the interconversion between the two 
isomers is lowered. The MD DF study of Hohl et al. [218] for Ses is in agreement with 
these conclusions. 

S3 has been reported to show a visible absorption at rl, = 410 run [156,276, 
277,278], an ionization energy of 9.68-10.2 eV [279,280], and an electron affinity of 
2.093(25) eV [281]. Von Niessen and Tomasello [266] have used the Green’s function 
method to interpret the ionization energy and electron affinity data of S3 in terms of the 
open chain structures and von Niessen et al. [275] have extended the treatment to Se3 and 
Te3. The resonance Raman spectrum of S3 [282,283] as well as that of the matrix isolated 
Se3 [284] have been assigned in terms of the open chain structures. The IR spectrum of 
isotopically enriched S3 in solid argon [285] also indicates an open (C,,) structure. 

The ground state geometry of S4 is subject to even more confusion than that of Ss. 
Because the appearance potential of S4 was found to be higher than that of Ss, S7 and Ss, 
it was thought possible that the most stable isomer is not a ring [280]. There is also a 
multitude of theoretical studies of the molecule some of which have dealt with the 
ground-state geometry and advocate ,different candidates from among the possible iso- 
mers shown in Fig. 21 [152,153,155,156,167,168,170,171,173,180,187,189,196,197,218, 
239,262,284,286-2911. The most sophisticated theoretical treatment to date is that of 
Quelch et al. [289] who also give a comprehensive review of the problem. Their ab initio 
study includes basis sets of double and triple zeta quality with polarization functions and 
considers the effects of electron correlation at different levels of theory. The global 
minimum of S, is predicted to be a singlet &-planar chain of C,, symmetry with several 
low-lying states the closest being the @am-chain (ca. 40 kJ mol-l above the global 
minimum) and followed by almost degenerate triplet trans- and helical chains and then by 
a puckered ring and a branched three-membered ring that are also almost degenerate. The 
assignment of the fundamental vibrations [213,292] and of the electronic absorptions 
[276-278,293] in terms of cis- and trans-chains of S4 is also discussed by Quelch et al. 
[289]. It is worth noting that there is no ambiguity in the geometry of the four-atomic 
cation E.,2+. A square planar ring is observed both experimentally and theoretically 
[13,291 and refs. therein]. 

Compared to S3 and Sq, there seems to be better consensus that the five-membered 
chalcogen species form cyclic molecules. The ionization energies [279], appearance po- 
tentials [280] and the HPLC analysis carried out in connection with solution photolysis of 
sulfur molecules [294] indicate that S5 is a ring molecule. This is supported by the evi- 
dence on the existence of Ss=O with a five-membered sulfur ring [295]. All theoretical 
studies seem to agree that an envelope-shaped ring (C,> is the most stable conformation 
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branched chain (D& 
ref. 154. 155 

cis (CA trans Gh) 
ref. 188.217.286. 

puckered ring (D2d) branched ring (C s) 
ref. 166, 176, 172, 

238,286 

retangular ring (h) square ring (D4h) 
ref. 151, 188,289 ref. 287 

helical (C,) 
ref. 195. 196 (singlet) 

285 (triplet) 

pyramidal (C3,) 

n 

0 n n 
v 0 

linear (D-h) tetrahedral (Td) 

Fig. 21. Isomers of Sd. The suggestions for the ground-state have also been indicated. 

for Ss [152,153,168,173,187,189,239,296] and Ses [218]. The half-chair form (C,), how- 
ever, was found to be almost degenerate with the envelope, implying facile pseudorotat- 
ion like that in seven-membered chalcogen rings (see above). It is interesting to note that 
the parametrized molecular dynamics calculations disagree with all above-listed theoreti- 
cal studies and predict a planar five-membered ring [ 1%,197]. 

The molecular structures of Sro [7$,137], Srt [75,138], Slz [76,139], St3 [75], a-Srs 
[60,140] and#&S,s [141] and SzO [60,61] are shown in Table 4. The Raman spectra of St0 
[77,78], St1 [74,75], Srz [253,297,298], St3 [74,75], a-S18 [33] and’ SzO [33] have also 
been reported. Two polymorphs of Ss [105] and St5 [79] have also been identified using 
vibrational spectroscopy. In addition to an early molecular mechanics study [ 1531, ab 
initio MO [188,189,299] MD DF [ 1523 calculations have recently been performed for 
sulfur rings S9sr3. The optimized ground-state geometries of St,,--S13 with both tech- 
niques are in good agreement with the experiment. It has not been possible to obtain sin- 
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gle crystals for Sg and consequently no molecular structure is known. Steudel et al. [ 1051, 
however, predict a C, symmetry for the molecule with bond lengths ranging from 203 to 
209 pm and torsional angles &orn 70 to 130”. Thus, the molecule is not expected to have 
a planar fog-atomic fragment like in 5, or Ss. The geometries obtained both with ab ini- 
tio [188,189] and MD DF [ 1521 calculations are in perfect agreement with these esti- 
mates, Raghavachari et al. [I 88,189] have shown by frequency calculations that the C, is 
a true minimmn on the potential energy surface. Hobl et al. [152] predict tbree low-lying 
s~c~es none of which conform to the Raman spectroscopic data [ 1 OS]. These acres 
are reported to lie ca 20 M mot-* above the ground-state [ 1521. All four structures of Sg 
are shown in Fig. 22. 

‘Ihe only structurally characterized selenium sulfide of rhrg size larger than eight is 
a twelve-membered species containing a mixture of Se,,Sr2 _n and Sr2 [65]. It is isostruc- 
tural with Sr2 11393. Steudel et al. 1831 report the fo~ation of 1,2-Se& and 1,7-SezS10 
as a result of dimerization of Se& and discuss the Raman spectra of the products in terms 
of the possible structures derived I%om Sr2 [ 1391 and Slz*CS1 [76]. 

H. OXYGEN~GS 

In the ground-state, ozone OJ is known to have a singlet open chain (CT,,) structure. 
However, theoretical calculations predict a low-lying singlet ring (D& ca 100 kJ mol-i 
above the ground state (see the surveys in [264,269,300]). 

The theoretical work by Schaefer’s group on cyclic 0, DOI], 0, [256,302], 0s 
{190], and Or2 [299] was motivated by the idea that oxygen rings might be viable as high 
energy density materials. If these rings lie in the relative miniia on their potential energy 

Fig. 22. Isomers of Ss [ 152](0 American Institute of Physics}. 
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surfaces, they could store a large amount of energy and be used to design improved fuels 
[190]. 

Calculations on O4 have been performed by Feng and Novaro [263] and Seidl and 
Schaefer [301]. The latter report a DZP SCF CISD study for cyclic 0,. The molecule was 
predicted to be puckered (D2d) with an O-O bond length of 139.2 pm and a torsional 
angle of 25”. The calculated frequencies showed the molecule to be a minimum on the 
energy surface. The planar ring was calculated to lie 12.1 kJ mol-* above the puckered 
ring as a transition state. The calculated energy of decomposition of cyclic O4 to two O2 
molecules at infinite distance was ca. 400 kJ mol-l. 

The structures and energetics of the larger oxygen rings have been studied with up 
to triple zeta plus double polarization basis set for O6 [256,302] and with up to double 
zeta plus polarization basis set for 0s [190] and 012 [299] all including the second-order 
Mnrller-Plesset perturbation theory for electron correlation. The geometries of all oxygen 
rings were similar to those of analogous sulfur molecules for which experimental infor- 
mation is available (cf. Table 4). Vibrational f?equencies and IR and Raman intensities 
have been predicted for each molecule [190,256,299,302] and indicate an energy mini- 
mum, if a shallow one. Jones and Hohl [203], on the other hand, reported that while a 
density functional study of 0s yields a geometry that is in good agreement with the DZP 
geometry of Kim et al. [190], the symmetric structure (04&) does not appear to be the 
most stable one. Rather, a ring with alternating bond lengths (Cd,) lies ca 50 kJ mol-l 
below the symmetric ring. After the optimization, the O-O bonds alternated between 143 
and 150 pm [203]. 

The decomposition of oxygen ring into O2 molecules is an exothermic process 
while that involving sulfur is endothermic. This has been qualitatively explained by Seidl 
and Schaefer [301] in terms of the weaker O-O single bond with respect to the S-S single 
bond and of the stronger 0=0 double bond with respect to S=S double bond. The “back- 
of-the-envelope” calculations of Seidl and Schaefer [301] suggest that unstrained 0, rings 
(i.e. n 2 6) lie ca 100 kJ mol-l above n/2 isolated 02 molecules. The results from ab initio 
calculations for O,,, O,, Os, and 012 are compared in Table 10. 0s [190] and 012 [299] 

TABLE 10 

The energy of the decomposition reaction 0, -+ n/2 02 (in kJ mole1 of oxygen atoms) 

Basis set 04 [3011 06 12561 08 t1901 012 P991 

DZ SCF 95.4 89.1 87.4 
DZP SCF 135.4 95.0 90.4 90.4 
DZP MP2 70.3 64.4 
DZP CISD 118.4 

109.8a 
TZ2P SCF 97. 5 
TZZP MP2 69.0 

aThe CISD value after the application of the Davidson correction (see [301]). 
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Fig. 23. Rearrangement pathway of S70 [202,203]. 

seem to be more stable than anticipated by the qualitative estimates [301]. Kim et al. 
[ 1901 suggest that the best opportunity for the detection of 0s would be the observation of 
Y&) band around 700 cm-’ during a matrix isolation IR experiment. 

Hohl et aL [203,303] have introduced one oxygen into an eight-membered sulfur 
ring. It was shown by MD DF calculation: that a heterocyclic S,O ring with a -S-O-S- 
has a local minimum in the energy surface. When kinetic energy corresponding to a tem- 
perature of 2000 K is applied, a rearrangement is triggered. The oxygen atom moves out 
of the ring and forms an exocyclic double bond to an S7 ring. The process is shown in Fig. 
23. Compounds with exocyclic sulfur-oxygen double bonds are also experimentally 
known. Their preparation, structures and properties have been reviewed by Steudel 
[4-6,9,20-221. 

I. MOLECULAR COMPOSITION OF CYCLIC CI-b&COGEN MIXTURES 

It has been discussed in Section B that many preparative routes producing cyclic 
chalcogen molecules often form mixtures of several species (see Table 2). The facile in- 
terconversion reactions of the cyclic chalcogen molecules also result in the formation of 
mixtures of several species even when the starting material is stoichiometrically pure. The 
development of modem instrumental techniques of analysis has enabled rapid progress to 
be made in the identification and quantitative determination of discrete molecules even in 
complicated mixtures. Raman spectroscopy is a useful method for characterizing solid 
mixtures of homocyclic sulfur and selenium molecules. However, it is not possible to 
fully characterize the very complicated molecular system of heterocyclic selenium 
sulfides as discussed in Section D(iii). Reversed-phase HPLC can be used for the 
qualitative and quantitative analysis of chalcogen rings in organic solutions. The compo- 
sition of liquid sulfur has also been determined by HPLC. The relative content of species 
containing selenium or tellurium can be conveniently analysed with NMR. Mass spec- 
trometry has given information on the composition of sulfur, selenium, and tellurium va- 
por. 

The advent of the various analytical techniques for qualitative and quantitative 
analysis has been reviewed previously [3-121. The main points are summarized in the 
following with particular emphasis on progress during recent years. 
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(i) Homocyclic molecules 

It can be seen from Fig. 24 that Ratnan spectra of sulfbr rings are very characteris- 
tic, reflecting the ring size, molecular symmetry and bond length pattern [36]. Therefore, 
vibrational spectroscopy is a suitable means for detecting individual molecular species 
even in mixtures. Qualitative [304] and quantitative [305] Raman spectroscopy have been 
utilized in solving the long-standing question of the molecular composition of liquid 
sulfur as a function of temperature (for a historical review of research on liquid sulfur, see 
[306]). Upon melting, Ss decomposes and forms homocyclic sulfur molecules of other 
ring sizes, mainly S6 and S7 well in accord with the concentration of hypothetical S, 
deduced from Raoult’s law [305,306]. 

s6 

Sl 

% 

s9 

SlO 

Sll 

s12 

Ref. 
11,78,250 
251,252 

238 

3.4.5.6, 
253,298 

32 

77,78 

253.297.298 

Fig. 24. Fbman spectra of homocyclic su1C.u $pecies. 
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Reversed phase HPLC is perhaps the most convenient means to detect homocyclic 
sulfur and selenium species in molecular mixtures [3-6,307-3 1 l] and it has become a 
routine tool in monitoring chemical reactions involving chalcogen rings. For instance, it 
was possible with HPLC to verify the Raman spectroscopic conclusions about the com- 
position of sulfur melt [312]. Furthermore, HPLC investigations yielded more accurate 
quantitative data on the relative concentrations of the various homocyclic sulfur species 
present in the melt. 

Mass spectrometry has yielded information about the composition of sulfur and 
selenium vapor as a function of temperature (for reviews, see [3-6] and [7-91 for sulfur 
and selenium, respectively). Ss is the main component of sulfur vapor up to ca 800°C 
with the relative content of smaller molecules increasing with temperature. It seems ap- 
parent that molecules larger than Ss are rings [280]. Recent Raman spectroscopic studies 
of sulfur vapor [2 131 over a wide temperature and pressure range have indicated that at 
least eight different species can be observed through their characteristic Raman lines. 
These comprise cyclic Ss, S7 and S6 and open chain species S3 and Sz. In addition, there 
are indications for the presence of two conformational isomers of S+ Several relationships 
have been proposed for the correlation of Raman measurements with the thermodynamic 
properties of sulfur vapor. S7 is found to be a dominating species in the sulfur vapor at 

600-1000 K. 

(ii) Heterocyclic molecules 

It has been shown above that 77Se NMR is a powerful tool for the identification of 
discrete molecular species from CS2 solutions of the quenched sulfur-selenium melts 
[226] and the melts themselves at 135°C [227]. The peak intensities can conveniently be 
used in the semiquantitative determination of the relative contents of Se,&_,, rings. It 
seems that the compositions are only governed by the total selenium content of the initial 
sulfur-selenium mixtures. The NMR spectra of the melts also show resonances due to the 
polymeric material. These resonances can be interpreted in terms of random distribution 
of various chalcogen fragments governed by the overall elemental composition [227]. The 
CS, solutions do not show resonances due to the polymers, since polymeric material is 
insoluble in CS2. 

The NMR data of the melts and their CS;! solutions (see Table 11) indicate that 
SeS7 and I,2-Se& are the main components in all samples up to 40 mol% of initial sel- 
enium content comprising the range 93-60 mol% [226,227]. It is also seen that the con- 
centration of the species decreases as the selenium content in the ring increases. It is in- 
teresting to note that for a given chemical composition the isomer with all selenium atoms 
adjacent to each other (i.e. A& is the most abundant. This observation is in agreement 
with the earlier Raman spectroscopic deductions [48,228]. The density functional 
calculations of Jones and Hohl [242] have shown that for Se.& and Se& rings the iso- 
mers with all selenium and all sulfur atoms adjacent to each other indeed are energetically 
more stable than the isomers with more than two Se-S bonds. Based on the rela- 
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tionship between the bond length and bond strength [3 131, the total binding energy can be 
expressed in terms of the binding energies of the different types of bonds in the molecule. 
In 1,2-Se& (AZ) there are one Se-Se bond, two Se-S bonds and five S-S bonds. 
Therefore, the total binding energy EA, depends on the bond contributions as follows: 

In the three remaining isomers (Bt, C2 and Dz), there are four Se-S bonds and four SS 
bonds. They are expected to have the same energies: 

Therefore the energy difference between AZ and BP& can be expressed as follows: 

A% has been estimated to be 7.4 kJ mol-t lower in energy than BrDt f242f. This is 
consistent with the calculated endothermic transformation of one S-S bond and one 
Se-Se bond into two SeS bonds [ 12 I,1223 and is in agreement with the experimental 
evidence [124,125]. The same arguments can be applied to the isomers of Se&$ (&D6). 
These results enable the prediction that, in given chemical composition, the isomer with 
all sulfur and selenium atoms adjacent to each other is the most stable one [242]. 

Steudel et al, f3 141 have made a detailed reversed-phase HPLC study of species ex- 
tracted from quenched sulk-seleni~ melts of two elemental compositions (molar ratio 
S/Se = 8.7 and 0.33). Linear ~latio~hips have been derived for the dependence of re- 
tention on the ring size, on the number of selenium atoms, and on the number of hetero- 
nuclear bonds in the ring molecule and allow for the prediction of retention times of all 
selenium sulfide heterocycles of ring sizes 6-12. The two chromatograms and the as- 
sigmnent of the signals are shown in Fig. 25. In general, there seems to be a fair agree- 
ment between the HPLC [3 141 and NMR results 1226,227). 

It is seen from Fig. 24, however, that the assignment of HPLC peaks is not always 
unambiguous. The retention indices are often very close together indicating that the sig- 
nals due to different molecular species may potentially overlap. For instance, peak num- 
ber 10 of Fig. 25 at the retention time of 9.41 min has been assigned to eight species 
[314]: Ss (retention index RS = 793), 1,2-Se& (RS - 794), 1,2,4- and 1,2,5-Se& 
(RS = 785) and 1,2,3,5-, 1,2,3,6-, 1,2,4,5-, and 1,2,5,6-Se&+ (RS = 797). The combma- 
tion of HPLC data with “Se NMR spectroscopic results helps to remove the ~bi~i~ in 
most cases. The power of HPLC is its possibili~ for a quick detection of very small con- 
centrations thus enabling an easier observation of heterocyclic selenium sulfide molecuIes 
of ring sizes other than eight that often are short-Iived and are thus difficult to detect with 
the comparatively slower technique of 77Se NMR spectroscopy. 

The distribution of Se,Ss _n species produced in the reaction of S,Cl$Se&!l~ mix- 
tures of varying composition with KI has been porously investigated both with HPLC 
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Fig. 25. Chromatogram of the CS2 extract of the quenched sulfur-selenium melt (initial molar ratio 
S/Se = 8.7). The upper trace was recorded with twenty-fold increase of sensitivity [314] (0 Verlag 
der Zeitschrifi tir Naturforschungen). 

[66,68] and 77Se NMR [67,68]. On the basis of their pioneering HPLC study, Steudel and 
Strauss [66] concluded that the reaction of SClz and Se2C12 (molar ratio 2: 1) with KI pro- 
duced the complete homologous series of eight-membered ring molecules with selenium 
atoms adjacent to each other (Al-As). The 77Se NMR data [67,68] give a partial verifka- 
tion of these conclusions with two clear differences. There is no evidence in the NMR 
spectra of the signal due to SeS7 (A,) expected at ca 700 ppm [226]. 

The reaction mixture also contains significant amounts of species with isolated sel- 
enium atoms [67,68] consistent with the existence of SeSC12 in equilibrium with S2C12 
and Se&l2 [68,106] as described above. 

Steudel et al. [68] have also investigated whether a prolonged standing of the CSI 
solution from the reaction of S2ClTSe2C12 (molar ratio 2:l) with KI has an effect on the 
product distribution (see Table 11). The fresh sample was said to decompose during 
6 months at room temperature with formation of new Se& _ n species. Even though the 
authors do not give parameters of their 77Se NMR experiments, it is likely that the accu- 
mulation time of 5 h in the freshly prepared solution provides insufficient signal-to-noise 
for the detection of the minor species. Indeed, the reported chromatogram [68] of the 
same freshly prepared solution shows the presence of several minor species [for instance 
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1,2,3,4Se& (Ad), 1,2,3,4,5Se& (As)] and is in better agreement with the earlier NMR 
spectrum [67] recorded for a similar preparation also immediately after the synthesis, but 
with a long acquisition time. In any case, it has to be remembered that the relative com- 
positions given in Table 1 I are only semiquantitative and thus do not allow for detailed 
conclusions on the small changes in ~on~en~tions of the selenium sulfide rings. 

Compounds containing cumulated S-S bonds undergo facile interconversion reac- 
tions in solution and in the molten state. Some examples are the solid state decomposition 
of unstable homocyclic sulfur molecules with the formation of stable Ss [315], the de- 
composition of Ss in the molten state or in organic solvents [3 12,316], the polymerization 
and depolymerization of liquid sulfur [315], the disproportionation of organic polysul- 
fides R2S, with the formation of R,S, + I and R$S, _ l [3 17,3 181, and the vulcanization of 
rubber [3 191. 

Similar interconversion reactions have also been observed for selenium. When Ses 
is dissolved in CS2, an equilibrium between See, Se7 and Ses is rapidly set up [3 1 l]. In the 
saturated solution (g-l O-3 mol dnr3 Se), there is 7.7 mol% of Seb, 15.4 mol% of Se7, and 
76.4 mol% of Se*, while the thousand-fold dilution increases the relative concentration of 
Se6 and Se7 at the expense of Ses (34.8 mol% Ses, 2 1.7 mol% Se, and 43.5 mol% Ses) 
[3 111. The corresponding decomposition of Ss to S6 and ST is much slower in CS, and 

I ,2,3,4,=esSz 

1,2,3,4,5,6Se,S, 

1,2,3,4-Se& 

~~~1 Se, 

wm 
I 

600 

Fig. 26. N~I-~b~d~~ ‘?Se NMR spectrum of the CS, solution of 1,2,3,4,5-Se& after 1 day 
of d~om~s~tion [233] (0 American Chemical Society). 
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Fig. 27. Possible pathways for chalcogen atom transfer in the interconversion of 1,2,3,4,5-Se&. 
(a) Selenium atom transfer, (b) sulfor atom transfer [233](0 American Chemical Society). 

requires heating in sealed ampoules to 130-150°C [3163. The equilib~~ mixtures were 
reported to contain l-2 mol% of S6, 5-7 moI% S7 and 91-94 mol% Ss. Tebbe et al. 13201 
have reported that the equilibrium is instantaneously established in acetonitrile. The 
contents of S, and Sr, however, were much smaller (0.4 and 0.8 mol%, respectively). 

The complicated mixtures of selenium sulfides formed with most preparative routes 
(see Table 2) most likely result from interconversion reactions of the type described 
above. For instance, upon reaction of [Ti(C5H&&] with Se2C12 a seven-membered 1,2- 
Se2Ss is formed, but in CS2 it decomposes with the formation of SeS5 and 1,2,3-Se& 
[S 1,823. All reaction products could be identified by vibrational 18 1,8/2,243] and by 77Se 
NMR [244] spectroscopy. An analogous reaction takes place 
ed with SeBr, (a mixture of Se& and Se) [83]. In addition to the 
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ed above, the formation of 1,2- and 1,7-isomers of SezSlo, 1,2- and l,%isomers of Se2S6, 
1,2,5,6&&, and SIO were reported. 

Because the decomposition of 1,2,3,4,5-Se& is slower than that of 1,2-Se&, it 
can be followed in more detail [85,233]. The freshly prepared samples showed only 
resonances due to 1,2,3,4,5-Se&, but when the samples were aifowed to stand in the CSz 
solution, ~son~ces due to 1,2,3,4-Se& and 1,2,3,4,5,6-Se& appeared [233] (see Fig. 
26). When preparing the sample using 77Se-enriched selenium, the decomposition prod- 
ucts could be identified on the basis of their coupling patterns (see Table 7). 

All of the examples listed above involve a chalcogen atdm transfer. This can be 
shown schematically for 1,2,3,4,5-Se& [233] (see Fig. 27). The possibilities comprise a 
sulfur or a selenium atom transfer from one seven-membered ring molecule to the other. 
As seen from Fig. 27, all possible selenium atom transfer reactions produce two different 
sets of compounds. The six-membered ring 1,2,3,4-Se& is formed in every case, but the 
ei~t-membe~d product is either 1,2,3,4,5,6-Se& or 1 ,2,3,4,5,7-Sees2 depending on 
where in the molecule the selenium atom is inserted. In the case of sulfhr atom transfer, 
SesS and 1,2,3,4,5-, 1,2,3,4,6-, or 1,2,3,5,6_isomers of Se& are formed depending on the 
point of insertion [233]. Since the “Se NMR spectroscopic evidence only indicates the 

(1) --s--s- _3c -s- + es- 

(2) 

+ 

r-7 Sn 
I 

Fig. 28. Suggested iate~ediates in the in~~nv~ion reactions of molecules containing cumu- 
lated suI~r~ul~r bonds 13331. 
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formation of 1,2,3,4-Se& and 1,2,3,4,5,6-Se&, a selenium atom transfer reaction is in- 
ferred with the points of insertion not in the S-S bond of 1,2,3,4,5-Se&. 

Similar alternatives in the decomposition of 1,2-Se& result in the formation of 
Se& and 1,2,3-, 1,2,4- or 1,2,5-isomers of Se& in the case of selenium atom transfer, 
and 1,2-SezS4 and 1,2- or Id-isomers of Se& in the case of sulfur atom transfer. The 
spectroscopic evidence [8 1,821 again point towards the selenium atom transfer with the 
insertion not in any of the S-S bonds in the molecule. 

The mechanism of chalcogen ring interconversion reactions is not known. Several 
pathways that have been suggested are summarized in Fig. 28 (for a review, see [3]). It is 
also possible that there are several competing mechanisms depending on the reaction 
conditions. In view of the similarity of the electronic structures of the S-S, Se-S and 
Se-Se bonds [ 121,122] (see also Fig. l), it is possible that the interconversion reactions 
involving sulfur and selenium rings proceed in a similar manner. The pathways are specu- 
lative due to the lack of rigorous experimental evidence. 

Radicals have not been detected for sulfur in organic solvents or in the molten state 
below the polymerization threshold at ca. 160°C [321-3231, rendering the homolytic 
cleavage rather unlikely in these conditions. Steudel [3] has therefore suggested that hy- 
pervalent intermediates of the types 

.;s -==y \ s’ 

I 
\ 

S- 
s I , , 

S 

\\ 

and \P S 

s\ 
0 00 

could be involved in the interconversion. He has also discussed the structure and proper- 
ties of amorphous selenium in terms of such intermediates [324]. Many species related 
structurally to both types of intermediates have been prepared or identified spectroscopi- 
cally. For instance, FzSS [325], Cl$S [326,327], Br$S [326] and (RO),SS [328] are re- 
lated to structure I. In fact, FzSS is more stable than the FSSF isomer [325], but Cl$S 
and Br$S have only been detected in argon matrices at 9 K after the photochemical 
isomerization of unbranched disulfur dihalides [326]. 

Structure II can be exemplified by RzSClz [329,330], FSSFS and FSSSFs [331] as 
well as several other organic sulfuraries [332]. The insertion of R2S into covalent single 
bonds proceeds smoothly even at low temperatures [329,332]: 

R2S + Cl2 -_j R2SC12 

O-R 
RO. 
Ro;s + I I - 

O-R 
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Recently, the geometries and energetics of formation of different suggested inter- 
conversion intermediates shown in Fig. 28 have been studied with ab initio MO tech- 
niques using the reactions of the first four members of the sulfane series H2S, (n = 1-4) as 
models [3333. The geometry optimization involved 4-31G* basis sets and yielded good 
agreement with experimental geometries where available. The energetics of formation of 
the h~e~al~t inte~~iates of Fig. 28 are exemplified by (HS)&S (type I) and 
H$(SSH), (type II). Their energy of formation fkom the starthrg sulfanes was calculated 
using the MP2/6-3 1 G//4-3 1 G and MP3/6-3 1 G//4-3 1 G levels of theory and compared to 
the homolytic cleavage of the S-S bond. The results are summarized in Table 12. The 
hypervalent intermediates have also been studied with SINDO [239]. 

The thiosulfoxide type intermediate (structure I) seems to be energetically com- 
petitive for the homolytic cleavage of cumulated S-S bonds. Such species have often been 
suggested as intermediates for reactions of compounds containing S-S bonds [335,336]. 
~ulliken population analysis [333] indicates that there is a considerable negative charge 
(-0.4 e) on the terminal sulfur atom. Therefore, the inte~edia~ of the type I is expected 
to be a strong nucleophile. The bond scission of the attacked molecule results in the net 
sulfur atom transfer [333]. 

Steudel et al. [83] have discussed the pathway for dimerization of Se& in similar terms: 

-NU 

,/ 
Nu-Se-Sy-Se--Si - 47-Sc2SlO 

Nu-Se-S< . Se% 

/ 

‘\, Nu-Se-S++-Se‘ -Nu 42-SqS10 

Nu + SeS5 

Nu-Ss-Se‘ 

-Nu 
Nu-Ss-Se-Ss-Se‘ - 1.7- SezSlO 

-Nu 
Nu-Ss-Se-Se-S<, ----+ 1,2- Se$$o 

The nucleophile can be thought to be either a contracted chalcogen ring with an 
exocyclic ~iosulfoxide type structure, or an impurity. The HPLC and Raman observation 
that both delve-membe~d Se&, isomers are formed in the reaction excludes the 
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TA3LE 12 

Energies of fo~ation of the selected inte~n~~~ion ~~~~i~s (in kJ tnol-r) [333] 

Reaction MP2 MP3 EXP& 

HSSH -+ 2HS’ 229.3 221.3 276.1a 
HSSSSH -+ ZHSS’ 153.1 138.9 148. lb 
HSSSSH -+ (HS)#S 123.4 132.2 
HSH i- HSSSSH + H2S(SSHh 189.5 205.4 

aRet 194. 
bRef. 334. 

alternative conceivable pathway that Se S 2 1s is produced directly fiorn the starting 
[Ti(C5Hs)2S,] and SeSs [83]. This latter route should produce only 1,7-SezSla. 

The fo~ation of the sulfbrane type inte~ediate II is ene~~ically ~mp~able to 
the dissociation energ of an isolated S-S bond and therefore not quite an attractive al- 
ternative for homolytic cleavage of the cumulated S-S bond f333]. Electronegative sub- 
stituents, however, are known to stabilize the four-coordinated sulfhr species (cf. SF4 
[337,338], R2SC12 [329] and (RO)$(OR)2 [332]). It is tberefore conceivable that with 
longer sulfur chains, this type of inte~~iate will also play a role in the ~terconversion. 
It is certainly easy to explain a chalcogen atom transfer with this scheme [82]: 

Neither scheme explains the pathway of interconversion when the ring size does not 
change. This kind of interconversion, however, is observed in the CS2 solutions of selen- 
ium sulfide rings. For instance, when the solution con~~ing the decomposition products 
of 1,2,3,4,5-Se& is allowed to stand, a rich mixture of different Se,& _ n, Se,& _ n and 
possibly Se,& _ n species is formed in addition to the initial 1,2,3,4-Se&+ and 1,2,3,4,5,6- 
Se& [86]. 

The polymerization of sulfur rings in the melts has been extensively studied (for a 
review see 13063). More recently, Steudel et al. [3 151 have studied the pol~e~~tion and 
depol~er~tio~ of various hom~yclic sulfin molecules with IIFLC, DSC and Raman 
spec~oscopy. The results were discussed in terms of the radical cha#rs, The hotnolytic 
cleavage of the S, and 5, ring molecules was concluded to play an important role in the 
polymerization [315,334]. Geyer et al. [339] report a photolysis study of supercooled 
cyclooctasulfur droplets. The polymerization was found to be dependent on the 
wavelength of radiation. They also observed photoiudu~ed desorption of cycl~~ul~ 
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thin films with the rate of desorption dependent on the light intensity and concluded that 
the desorption process was not purely thermal. 

The polymerization of sulfur-selenium phases has been investigated by the appear- 
ance of phase method, DTA and DSC [340]. The complete liquid miscibility of sulfur and 
selenium was verified and it was explained in terms of the equilibrium copolymerization 
theory. The addition of selenium into sulfur was found to lower the polymerization 
threshold. The eutectoid proposed by Ringer [341] in the sulfur-rich part of the system 
was not detected [340]. 

Steudel et al. [294] have studied the photochemical decomposition of CS2 solutions 
of pure Se, S,, Ss, Sit, and Slz at 15°C on irradiation and determined the soluble products 
by reversed phase HPLC. A mixture of sulfur homocycles S, with Sg, S7 and Ss as the 
main species was formed in each case. The existence of radical chains is also quite pos- 
sible in these reactions. The low-temperature irradiation of orthorhombic Ss was also 
studied with ESR and the nature of radicals formed was discussed [293]. The impetus for 
the work comes from the hypothesis that the color of one of the Jovian moons, IO, is a 
consequence of elemental sulfur on the surface [342]. It was observed that while Ss is 
white at 77 K, it turns intensely yellow upon irradiation with UV radiation. The color was 
explained in terms of an absorption at 430 mn possibly caused by a chain-like sulfur di- 
radical. It was found to decompose at 260 K with the formation of polymeric sulfur. Other 
sulfur homocycles also showed analogous behavior. It was suggested that the yellowish 
color of IO is caused by the effects of solar radiation on elemental sulfur. The color is 
possibly modified by deposits of SO2 frosts and volcanic ash [342]. 

J. CONCLUSIONS 

The chemistry of chalcogen elements has long been known to be extensive. During 
the last 20 years the development of modem analytical techniques has shown that the ele- 
mental system of sulfur consists of a large number of homocyclic as well as open chain 
molecules. The molecular variety for selenium and tellurium is narrower. The existence of 
Se6, Se, and Se,, with the molecular structures similar to the analogous sulfur species, is 
well established. For tellurium, the existence of cyclic Tes has been suggested, but awaits 
unambiguous confirmation. 

The binary system of sulfur and selenium is very complex and is composed of nu- 
merous heterocyclic and polymeric species. The joint application of vibrational spectros- 
copy, HPLC and 77Se NMR spectroscopy seems to be the key to the identification of dis- 
crete molecular species in the mixtures formed by different routes. lz5Te NMR has pro- 
vided evidence for the existence of heterocyclic tellurium sulfides and tellurium selenium 
sulfides. 

In recent years, the research emphasis has shifted from purely structural studies to- 
wards understanding the interconversion reactions between the different molecular spe- 
cies. The rapid development of computational techniques has enabled accurate theoretical 
studies to be performed even on large molecules. The comparison of geometries and elec- 
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tronic s~c~~s of the ~halcoge~hal~o~n bonds has shown that S-4, Se-S and Se-Se 
bonds are rather similar. Tell~~~on~~ing bonds are more at variance. It is therefore 
possible to study the interconversion of @%r rings by inserting seleahnn atoms in the 
homocyclic molecule as chemical labels. The interconversion reactions can be monitored 
with NMR, the products identified and new insights into the decomposition pathways 
gained. 

It is interesting to note that despite the structural s~il~ties be~een the three ele- 
ments, there are also dif&ences. Cyclooctasul&r is the ~e~o~~ical~ stable mo- 
lecular form and polymeric sulfirr is unstable at NTP, but the converse is true for selenium 
and tellurium. Even though the molecular structures of analogous sulfur and selenium 
rings are similar, the packing of the molecules does not result in different crystal 
structures. Generally, the intermolecular distances in selenium allotropes are shorter than 
in sulfur allotropes. This has been explained by the greater po~~bili~ of selenium 
compared to sulfur. 

The structural differences are of course reflected in the properties. Sulfur, for in- 
stance, is an insulator, while selenium and telltium are semiconductors. Studies of 
heterocyclic selenium sulfides and tellurium sulfides are therefore important not only be- 
cause of the structural similarities. They also provide a bridge between the properties of 
insulat~g materials and semiconductor. The question to motivate sulfbr and selenium 
research could well be: if sulfur and selenium are so similar, why are they so different? 
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