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I. General 

The heavier chalkogens are known for their tendency toward homo- 
nuclear catenation, which rivals that of phosphorus and silicon and is 
exceeded only by that of carbon. Especially sulfur forms a large num- 

R-S,-R (R = inorganic or organic group) (2), which have been exten- 
sively studied. In the case of selenium the number of known cyclic 
compounds with more than one Se-Se bond, that is, compounds with 
cumulated Se-Se bonds, was formerly quite small, and for a long time 
the See molecule was the only example. However, developments have 
shown that selenium is able to  form rings Sen of various sizes as well as 
cyclic, bicyclic, and cagelike dications Sen2+, and cyclic derivatives like 

135 

ber of rings S, (n  = 6,. 7, ... ) (1) and of chainlike compounds of type 
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TABLE I 

PRESENTLY KNOWN HOMOCYCLIC SELENIUM COMPOUNDS 

Neutral rings 
Ring 

Monocations Dications derivatives 

As pure materials: Sea, SeE Sen+ (n = 5 ... 10) Sen2+ [Se~Il[AsFel 
In solution: Sen (n = 6-8) (in the vapor (n = 4, 8, or 10) 
In the gas phase: Sen (n = 5-10) phase only) 

Se61+, as does sulfur. In addition, a number of presumably cyclic mono- 
cations Sen+ have been studied in the vapor phase. 

The presently known homocyclic selenium compounds are summa- 
rized in Table I. All these compounds are interesting owing to their 
chemical simplicity-the allotropes of an element and its binary deriv- 
atives should interest every chemist-and their bond properties. Fur- 
thermore, homocyclic selenium species are related to the much studied 
and still poorly understood semiconducting amorphous selenium, 
which may be a mixture of chain- and ringlike molecules similar to 
liquid or amorphous (polymeric) sulfur. In this connection, the small 
rings Se6, Se, , and Ses can serve as model species to study the chemical 
transformations of amorphous selenium on heating or on irradiation, 
as well as the changes in its chemical and physical properties on dop- 
ing or because of the presence of impurities. Selenium-selenium bonds 
are of lower bond energy and consequently of higher reactivity than 
comparable sulfur-sulfur bonds. The preparation and characterization 
of compounds containing cumulated Se-Se bonds therefore require 
more sophisticated preparative and analytical methods. The later 
results in this field are reviewed in this article; for earlier reviews, see 
refs. (3-7). 

I I .  Neutral Selenium Ring Molecules 

Neutral selenium rings Sen have been studied in the vapor phase by 
mass spectroscopy, in solution by high-pressure liquid chromatogra- 
phy, and in the solid state by Raman spectroscopy and X-ray crystal- 
lography. 

A. CYCLOPENTASELENIUM, Seb 

The five-membered ring Ses is one of the major components of sele- 
nium vapor. However, despite several extensive investigations, there 
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is still no agreement between different authors regarding the quanti- 
tative molecular composition of the saturated vapor above metallic 
(,,gray”) or liquid selenium (mp 221”C, 494 K). The Se5 concentration 
in the vapor has been derived from vapor-pressure measurements as 
well as from EI mass-spectrometric studies, using 10-eV electrons 
whose energy is sufficient for ionization but not for fragmentation plus 
ionization of molecules larger than Se5. Near 470 K, Se5 concentra- 
tions of between 15 and 50% and at 1000 K between 20 and 55% have 
been found (8-11) (see also Fig. 1). For the vapor leaving the surface of 
metallic selenium (“freely subliming selenium”) a concentration of 
~ 2 9 %  Se5 has been determined at 448 K, using 40-eV electrons (12). 
The thermodynamic data for Se5 (see Section I1,F) indicate that the 
molecule is cyclic rather than a chain, but the accurate structure is 
unknown since pure Se5, like pure S5, has never been prepared. There 
is also no evidence for the presence of Se5 in solutions. 

B. CYCLOHEXASELENIUM, Se6 

Cyclohexaselenium is the main component of the vapor above freely 
subliming metallic selenium, accounting for as much as 58% of the 
vapor at 448 K (12,131. In the saturated vapor above metallic or liquid 
selenium, Ses is also one of the main species at temperatures up to 
about 800-850 K, but there is no close agreement between the quanti- 
tative data published by different authors (8-11) (see also Fig. 1). By 
angular distribution mass spectrometry, a concentration of 40% Se6 
has been determined at 463 K (11). 

By high-pressure liquid chromatography, using a UV absorbance 
detector, cyclohexaselenium has been detected in various selenium 
solutions in equilibrium with Se7 and Ses (see also Section I1,D) (14). 
Cyclohexaselenium is also formed by thermal decomposition of Se7 in 
inert organic solvents like CS2 according to the equation 

2Se7 - Se6 + Sea 

(see Section II,C) (15). 

1. Preparation 

Crystalline Se6 has been prepared. The synthesis consists of some 
kind of recrystallization of red amorphous selenium, prepared from 
highly purified selenium, which is extracted with carbon disulfide. By 
a special crystallization method, two types of single crystals have been 



138 RALF STEUDEL AND EVA-MARIA STRAUSS 

400 600 800 1000 
Temperature, K 

FIG. 1. Molecular composition of saturated selenium vapor: (a) according to Berko- 
witz et al. (8) [cited in (4a)l; (b) according to Keller et al. (9) (1 atm = 1.013 bar). 
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obtained from the solution and the needlelike cyclohexaselenium was 
separated under a microscope from the well-known a-monoclinic Se8 
(161, and characterized by X-ray crystallography, vibrational spectros- 
copy, and differential scanning calorimetry (DSC) (1 6-19]. 

The only known chemical synthesis of Ses is based on the reactions 

SezClz + 2KI SezIz + 2KC1 
20°C 

20°C 
nSezIz- Sez, + nIz (n = 6 or 8) 

which are analogous to the synthesis of s6 from S2Cl2 (20). A crystal- 
line mixture of See and Se8 is obtained in which the two components 
can be detected by low-temperature Raman spectroscopy (15). 

2 .  Molecular Structure and Bonding 

Cyclohexaselenium crystallizes in the rhombohedral space group R3 
and therefore represents a second form of “trigonal selenium” besides 
the well-known gray or “metallic” or “hexagonal” or “trigonal” sele- 
nium (space group P3121), which is polymeric and represents the ther- 
modynamically stable allotrope at 25”C/1.013 bar. In order to  avoid 
misunderstandings, in this review, cyclohexaselenium will simply be 
termed Se6 or rhombohedral selenium, and gray selenium (Se,) will be 
called trigonal or metallic selenium. Other presumably polymeric 
forms of selenium are the “glassy” or “vitreous” selenium, obtained by 
quenching of liquid selenium, and the two forms of “red amorphous” 
selenium (5),  obtained either by quenching of selenium vapor in liquid 
nitrogen (21 ) or by chemical reduction of water-soluble selenium com- 
pounds (22) (e.g., SeOz) with SO2 or hydrazine. In this article, the 
latter two forms will be termed as “red amorphous Se(vap)” and “red 
amorphous Se(redn).” Since red amorphous Se(redn) turns irreversibly 
black at 30°C (19) the “black amorphous Se” obtained in this way is 
sometimes regarded as another form of elemental selenium. 

According to  a complete X-ray diffraction analysis, Se6 consists of 
ring molecules with the molecular symmetry of D 3 d ;  the crystal and 
molecular parameters are listed in Table I1 (1 7) and the crystal struc- 
ture is shown in Fig. 2. Refinement by the least squares method re- 
sulted in the following atomic parameters of the single atom in the 
asymmetric unit: x = 0.1602 ? 0.00048, y = 0.20227 f 0.00047, z = 

0.12045 * 0.00120; calculated density, 4.71 g/cm3. An earlier investi- 
gation of selenium vapor by electron diffraction led to an internuclear 
distance of 234 2 1 pm and an average bond angle of 102 t 0.5” for the 
chairlike cyclic Se6 molecule (23). 



TABLE II 

CRYSTAL AND MOLECULAR PARAMETERS OF Se6, C l - ,  p-, AND y-Se8, AND METALLIC SELENIUM ( S e x )  

Space group 
Crystal data (20°C) 

(a,b,c in pm) 

2 (number of molecules 

Calculated density (g/cm3) 
Site symmetry of the 

molecules in the crystal 
structure 

length (pm) 

bond angle 

in unit cell) 

Average Se-Se bond 

Average Se--Se-Se 

Average torsional angle 

R3 
a = 1136.2(1) 
c = 442.9(8) 

a 
4.71 

235.6 -+ 0.9 

101.1 2 0.3" 
76.2 2 0.4" 

P211n 
a = 905.4 2 0.3 
b = 908.3 -+ 0.5 
c = 1160.1 2 0.6 
/3 = 90.81 -+ 0.05" 

4 
4.400 

c1 

233.6(6) 

105.7(1.6)" 
101.3" 

PZ1/a 
a = 1285 
b = 807 
c = 931 
p = 93.75 

4 
4.352 

c1 

234 2 1.4 

105.7 2 0.8 
101.4" 

P2,lC 
a = 1501.8(1) 
b = 1471.3(1) 
c = 878.9(1) 
p = 93.61(1) 

8 
4.33 

c1 

233.4 -+ 0.5 

105.8 2 1.4 
101 2 2" 

P3121 
a = 436.6 
c = 495.8 

3 (atoms) 
4.807 

237.4 -+ 0.5 

103.1 2 0.2 
100.7 2 0.1" 

Shortest intermolecular 
distance (pm) 341.4 347.6 340 334.6 343.6 

a Numbers in brackets indicate standard deviations. 
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FIG. 2. Molecular and crystal structure of cyclohexaselenium, Se6. 

3. Molecular Spectra 

Infrared and Raman spectra of Se6 have been measured, and the 
observed wave numbers have been assigned to the eight fundamental 
vibrations by comparison with the wave numbers calculated from force 
constants taken from See and using a modified Urey-Bradley force 
field. The spectra of S6 and Se6 are completely analogous (see Table 111). 
The four g vibrations are Raman active, the three a2, and e, vibrations 
are active in the infrared while the al, mode cannot be observed di- 
rectly. 

By adjusting the calculated to the observed wave numbers, the fol- 
lowing five Urey-Bradley force constants have been obtained for Se6 
(in N/cm): K = 1.188 (bond stretching), H = 0.102 (bond-angle bend- 
ing), F = 0.082 (next nearest atom repulsion), Y = 0.242 (torsion), and 
P = 0.207 (bond-bond interaction) (18,19). 

4 .  Chemical Properties and Reactions 

Since pure Se6 has so far been prepared only in minute amounts, its 
chemical properties have hardly been explored. Differential scanning 

TABLE I11 

OBSERVED AND CALCULATED WAVE NUMBERS~ OF THE EIGHT FUNDAMENTAL MODES OF 
CYCLOHEXASELENIUM, Se6 (19) 

v1 v2 v3 V4 V6 v6 v7 V8 

Symmetry ulg % al" %" eB eB e, e, 
Observed 247 129 - 151 221 102 253 103 
Calculated 264 126 216 154 236 102 257 83 



142 RALF STEUDEL A N D  EVA-MARIA S T R A W S  

TABLE IV 

APPEARANCE POTENTIALS OF SELENIUM 

MOLECULAR IONB 

Reference (8) Reference (12) 

Se5+ 8.6 rt- 0.2 9.2 5 0.2 
Seg+ 8.9 f 0.2 9.08 rt- 0.05 
Se7+ 8.4 rt- 0.2 8.87 * 0.05 
Se8+ 8.6 * 0.2 8.97 2 0.05 

a In eV. 

calorimetry measurements on Se6 crystals from 373 K up to the melt- 
ing point of metallic selenium (494 K) have been carried out. They 
show a small endothermic peak near 393 K and an exothermic peak at 
408 K, which have been attributed in terms of melting and recrystalli- 
zation, respectively, to  the polymeric metallic phase (1 7). 

C. CYCLOHEPTASELENIUM, Se7 

The seven-membered ring Se7 has been established as part of the 
vapor above freely subliming selenium in an amount of 11.4% at 448 K 
(12,13). The equilibrium concentration in the saturated vapor above 
metallic or liquid selenium is of the same order of magnitude but 
decreases rapidly with temperature (see Fig. 1) (8-11). 

Since the ionization potential of Se7 is lower than that of both Se6 
and Sea (see Table IV), as has also been observed in the case of the 
corresponding sulfur rings, the structure of Se7 should be analogous to 
that of S7, which forms a chairlike molecule of C, symmetry: 

The torsional angle of 0" at the unique bond results in a strong repul- 
sion of lone electron pairs, leading to a relatively low ionization energy 
(24 ) . 

Cycloheptaselenium been detected in various solutions by HPLC, 
using a column with octadecylsilane as a stationary phase in connec- 
tion with a UV absorbance detector. The retention time of the Se7 
molecule is between those of Se6 and SeB, in complete analogy to the 
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* 
Time 

FIG. 3. Chromatogram (HPLC) of a solution of Se, in CS, at 25°C (15); (a) freshly 
prepared; (b) after 4 hr at 25°C in the dark. 

behavior of the corresponding sulfur rings (1, 14). Cycloheptasele- 
nium-containing solutions are obtained by dissolution of Sea or of red 
amorphous Se(redn) since the following equilibrium is established 
within several minutes at 25°C (14): 

However, only small relative concentrations of Se7 (with regard to Sea) 
are obtained in this way. Almost pure Se7 solutions can be prepared 
from titanocenepentaselenide and dichlorodiselane (Se2C12) according 
to the following equation (15): 

(C5H&TiSe5 + SezClz - Se, + (C5H5)zTiC1z (2) 

The chromatogram of this solution is shown in Fig. 3a; after 4 hr  at 
25"C, equilibrium [Eq. (111 is established, and the chromatogram 
shown in Fig. 3b is obtained (15). The interconversion of Se7 to Sea 
obviously begins with the reaction 

which is followed by the decomposition of the Ses by a still unknown 
reaction path (presumably via intermediate formation of larger rings). 
The mechanism of the reaction shown in Eq. (3) very likely involves 
the formation of a transient intermediate with a four-coordinated sele- 
nium atom, as has also been proposed in the case of sulfur rings (I): 
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Dark-red crystals of another form of selenium have been grown from a 
CS2 solution. X-ray rotating crystal and Weisenberg methods showed 
the material to be orthorhombic (or nearly so) with the lattice con- 
stants a = 2632, b = 688, and c = 434 pm, resulting in a unit-cell 
volume of 7.86 x cm3, which leads to a cell content of 28 atoms 
(observed density, 4.6 g/cm3) (25). Thus the material may consist of Se7 
ring molecules. 

D. CYCLOOCTASELENIUM, Ses 

1 .  Preparation 

The crown-shaped molecule Ses has long been known to crystallize 
in two monoclinic lattices termed a- and P-Sea, respectively (see Table 
11). Crystals of various sizes have been obtained from CS2 solutions 
prepared by dissolution of either red amorphous Se (22) or of vitreous 
selenium in CS2 and subsequent cooling or evaporation of the solvent 
(3a,b, 4a, 5).  Red amorphous Se is readily soluble in CS2, but since both 
vitreous and red amorphous Se do not contain more than small 
amounts of Sea, the dissolution must be accompanied by a chemical 
interconversion. It has, however, been reported (26) that the dissolu- 
tion of red amorphous Se in CS2 requires illumination with photons of 
energies in excess of 2.3 eV, ambient room light levels being sufficient. 
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In the dark, the surface attack of CS2 is said to leave a rubbery insolu- 
ble fraction similar to polymeric sulfur. 

a- and p-Cyclooctaselenium form crystals of different shapes and 
with different interfacial angles and consequently can be separated 
under a microscope (3b). Slow evaporation of a saturated solution in 
CSZ yields a-monoclinic Sea, while on rapid evaporation a- and p- 
monoclinic Sea are formed (27, 28). Since the p form dissolves in a 
carbon disulfide solution saturated with the a form, the latter seems to 
be the more stable of the two (29). This observation is in agreement 
with the densities, which decrease in the order a-Sea > @Sea > y-Sea 
(see Table 11). Large single crystals of a-monoclinic Sea have been 
grown from a solution in methylene iodide (30). 

A third monoclinic allotrope, y-Sea, has been prepared from a solu- 
tion of dipiperidinotetraselane in carbon disulfide (29): 

y-Cyclooctaselenium forms long prisms with eight molecules in the 
unit cell (see Table 11) and is quite stable at 25°C (29). 

An investigation has shown that dissolution of crystalline Se8 or 
extraction of glassy or red amorphous selenium (the latter prepared 
from aqueous SeOz by reduction) by different organic solvents yields 
solutions containing Se6, Se7, and Sea in equilibrium. Through high- 
pressure liquid chromatography on reversed bonded phases, the three 
rings Sen have been separated and detected by their UV absorption at 
254 nm. In contrast to selenium vapor, Sea is the main component (14) .  
The total solubility of Se in CSZ at 25°C amounts to 0.05% by weight or 
0.008 mol (Se) per liter (34,35). These results have led to the conclusion 
that Se6, Se7, and Sea undergo a rapid interconversion in solution at 
25"C, leading to an equilibrium (14). The equilibrium vapor above 
metallic or liquid selenium contains only 1-2% Sea at temperatures of 
between 440 and 720 K (8-12). 

The spontaneous but slow crystallization of monoclonic selenium 
(Sea) from red amorphous Se, prepared by quenching of selenium vapor 
(1000°C) in liquid nitrogen, depends on the storage temperature of the 
samples. Below 303 K, red amorphous Se(vap) is completely trans- 
formed into the monoclinic phase, whereas above 303 K transforma- 
tion into the metallic phase takes place. (The relative Sea content of 
the material can be determined by DSC.) In contrast, chemically pre- 
pared red amorphous Se(redn1 is transformed only into the metallic 
phase, even below 303 K (21). 
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a -MONOCLINIC Se P-MONOCLINIC Se 

FIG. 4. Molecular and crystal structures of monoclinic cY-Ses and /Mes. 

2.  Molecular Structure and Bonding 

The crystal and molecular structure data of the three Sea forms 
listed in Table I1 have been determined by X-ray diffraction (27-29, 
31). a-, p-, and y-cyclooctaselenium crystallize in the same space 
group but differ in the packing of the molecules (see Fig. 4). The aver- 
age bond distances, bond angles, and torsional angles of the Sea mole- 
cules are identical within the limits of the standard deviation. The 
torsional angle of 101" is close to  the value of 99" observed in the case of 
S8 (36) and obviously corresponds to the minimum of the torsional 
potential energy function. The shortest intermolecular distance has 
been observed in the case of y-Se8: the value of 334.6 pm is even 
smaller than the shortest intermolecular contact in orthorhombic cy- 
clooctasulfur, SS [337 pm (3311. 

3.  Molecular Spectra 

Raman and infrared spectra of a-monoclinic selenium have been 
reported (3c,d, 4b, 14, 37); the low-temperature Raman spectrum is 
shown in Fig. 5.  It differs sufficiently from that of See for both com- 
pounds to be detected in this way in mixtures with each other (15). 
The observed wave numbers have been assigned to the 11 fundamental 
modes of the Sea molecule, assuming D d d  symmetry (see Table V). The 
bz and el modes are infrared active, and the al , e2, and e3 vibrations are 
Raman active. The wave number of the inactive bl fundamental has 
been estimated from the second-order Raman spectrum. 

Using an extended Urey-Bradley force field with six force constants, 
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FIG. 5. Low-temperature Raman spectra (-105 2 5°C) of monoclinic cr-Ses (a) and of 
red amorphous selenium prepared by reduction of SeOz (b) (14). 

a very good agreement between the observed and calculated wave 
numbers has been achieved. These force constants have the following 
values (in N/cm) (38): K (bond stretching) = 1.341, H (bond angle 
bending) = 0.021,F(next nearest atom repulsion) = 0.214, Y (torsion) = 

0.015, P (bond-bond interaction) = 0.175, and C (long range repul- 
sion) = 0.070. For other values, see ref. (19); for valence force con- 
stants, see ref. (38). The bond-bond interaction constant P is unusu- 
ally large, which has been rationalized by electron rearrangement 
during asymmetric stretching vibrations (381, as has also been found 
for S-S bonds (39,40). 

TABLE V 

OBSERVED AND CALCULATED WAVE NUMBERS" OF THE 11 FUNDAMENTAL MODES OF 

CYCLOOCTASELENIUM, Se8 

u1 v p  v3 u4 u5 Vg v7 us ug v10 vll Reference 

Symmetry a1 a1 bl bz el el e2 e2 ep e3 e3 

Observed 256 113 - 120 253 95 256 86 47 240 128 3c,d,4b,37 
Calculated 255 111 231 120 255 97 255 88 46 240 127 38 
Calculated 257 115 224 130 253 111 252 78 44 235 115 19 
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The highly characteristic Sea Raman line at 113 cm-l (totally sym- 
metrical ring bending mode al )  has occasionally been observed in the 
Raman spectrum of red amorphous Se(redn) (3d, 37,41); this has been 
interpreted on the basis of either a certain Se6 content of this material 
(37, 41) or of Se8-like “molecular fragments” in a polymeric chain 
structure (42). However, the low-temperature Raman spectrum of red 
amorphous Se, recorded with the red line of a krypton laser (to avoid 
photodecomposition), does not exhibit this line (14). Instead, an almost 
continuous Raman scattering is observed for the region of the Se- 
Se-Se bending vibrations, indicating the presence of a large number 
of molecular species (e.g., rings) or of many different conformations of a 
long chain. The same holds for the Raman spectrum of freshly pre- 
pared red amorphous Se(vap), recorded at room temperature (42). The 
Se6 signals in the earlier spectra are explained as photodecompositon 
of amorphous Se with formation of Sea in the laser beam (14). 

The resonance Raman spectrum of a thin film of selenium exhibits 
10 signals in the region 115-1400 cm-l, which have been assigned to 
the fundamentals vz(a1) and v10(e3) of Sea and to their overtones and 
combination vibrations (44). 

4. Chemical Properties and Reactions 

Any external force, such as temperature or pressure, initiates the con- 
version of monoclinic selenium (Sea) to the thermodynamically stable 
metallic modification. Both a-Sea and P-Sea are converted directly to 
the trigonal phase in the temperature range from 394 to  430 K, with- 
out being transformed into one another (28,45,46). Investigation of a- 
monoclinic Sea by DSC from 373 K up to the melting point of metallic 
selenium (494 K) has revealed an endothermic peak at 418 K and an 
exothermic peak at 430 K (heating rate 10 K/min), which have been 
interpreted by postulating melting of Sea followed by recrystallization 
to the metallic phase, respectively (1 7). Monoclinic selenium is ther- 
modynamically unstable relative to metallic Se in the whole tempera- 
ture range from 0 to 420 K (47). The conversion of Sea to Se, depends 
on the quality of the crystals (21,481 and gets complicated by prema- 
ture melting of Sea if high heating rates are used (21, 49, 50). With 
single crystals of good quality investigated at 320 Wmin, only one 
broad endothermic peak for the melting of monoclinic Se is observed 
[melting temperature, 429 K (4911, while at lower heating rates addi- 
tional peaks for the exothermic conversion to solid metallic Se, fol- 
lowed by the endothermic melting of the latter, are found. The separa- 
tion of the two melting peaks decreases with increasing heating rate 
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550 500 450 400 350600 500 400 300 - TemperatureMI 

FIG. 6.  DSC diagrams of single crystals of monoclinic a-Ses at different heating rates 
(sample mass, 4-5 mg) (49). Heating rates: A, 40; B, 80; C, 160; and D, 320 K/min. 

and disappears at 320 K/min (49) (see Fig. 6). With a polycrystalline 
sample and a heating rate of 410 Wmin, the melting point of mono- 
clinic Se has been found to be 413 K (501, but extrapolation to  zero 
heating rate indicates 428 K [Fig. 10 in ref. (5011. 

Bombardment of monoclinic Se with fast electrons (51 1 or a particles 
(52) also results in conversion to the metallic phase. The mechanism of 
the conversion has been studied by X-ray diffraction, optical micros- 
copy, and thermal analysis (28,46,50) and has been found to be topo- 
chemical. The formation of the crystal nuclei of the metallic phase is 
often related to larger lattice defects and occurs primarily at or near 
the crystal surface (50) and with an Arrhenius activation energy of 
100 kJ/mol (50). The greater density of the metallic phase (see Table 
11) causes tensions that are responsible for the weakening of further 
Se-Se bonds. Ring opening of an Ses molecule is believed to be the 
rate-determining step of the metallic crystal growth though the mech- 
anism discussed in Section III,B,3 may also be quite effective in trans- 
forming small rings into very large ones and vice versa: 

+Ses t nSes 
Sele - Se24 s 8 Se, 

In the temperature range from 343 to 487 K, the metallic crystal 
growth has an activation energy of 113 kJ/mol(50) and 116.39 kJ/mol 
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(531, respectively. Comparison of the results of different authors makes 
it obvious that the process of conversion varies with temperature. To 
explain the effect of halogens, alkali metals, and amines, the following 
reactions have been proposed (54): 

I2 + (Se)rtng - ISe- ... -SeI + z(Se),,,, - I2 t (Se& 

2Na + (Se)r,ng - 2Na' + -Se- ... -Se- + x(Se),,,, - Na2Se, + (Se)trlg 

R3N + (Se)r,ng - R3N+Se- ... -Se- t x(Se),,,, - R3N + (Sehlg 

Elemental selenium and elemental sulfur (any allotrope of either one) 
react on heating (melting) to  give a large number of cyclic molecules 
Se,S,. While the eight-membered rings are much preferred, HPLC 
analysis has shown that both six- and seven-membered species are also 
formed. For a review of these cyclic selenium sufides, see ref. (55). 

E. OTHER RING MOLECULES 

Investigations by mass spectrometry (see also Section II1,C) have 
shown that molecules Sen (n = 2-10) are the constituents of saturated 
selenium vapor (Knudsen cell) as well as of the vapor above freely 
subliming selenium (Langmuir cell), though the latter method yields a 
greater amount of the smaller molecules (56). Whereas Se4, Sea, Se9, 
and Selo are of minor significance, Se5, Ses, and Se7 are the main 
components of selenium vapor in the temperature range from 473 to  
650 K. At higher temperatures (up to 1400 K), the amount of the 
smaller noncyclic species, especially Sez and Sea, increases rapidly (9, 

Despite a large number of investigations, no agreement exists con- 
cerning the molecular composition of molten, quenched (glassy or vit- 
reous), and red amorphous selenium. The usual, simplifying model of a 
dynamic equilibrium (61 of Sea rings and Sen chains seems to explain 
the behavior of molten selenium qualitatively, but there are no rea- 
sons to exclude other small and medium sized rings, as have been 
detected in liquid sulfur (I). Several authors have pointed out that 
long chains as well as small and larger ring molecules may exist in 
glassy and in red amorphous selenium (14, 17,46), the population of 
each component depending on the preparation procedure and the stor- 
age time and temperature. 

10,57-60). 
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F. THERMODYNAMIC PROPERTIES OF SELENIUM ALLOTROPES 

In connection with metallic selenium being a model compound for a 
homoatomic macromolecule, the heat capacity of selenium has been 
extensively studied. In a 1981 review (63) 23 investigations on the 
heat capacities of metallic, molten, amorphous, and monoclinic sele- 
nium have been critically evaluated, and a set of recommended data 
has been derived for the temperature range from 0 to  1000 K. The 
thermodynamic functions enthalpy, entropy, and Gibbs energy have 
been calculated. The heat capacity of metallic selenium is a smooth 
function of temperature from 0 K up to the melting point (494 K). The 
heat capacity of amorphous Se is also a smooth function of temperature 
from 0 to 270 K. An upward slope above 270 K can be associated with 
the glass transition. The heat capacity of monoclinic selenium below 
100 K can be represented as an average of the heat capacities of metal- 
lic and amorphous Se. Above 100 K the heat capacities of monoclinic 
and metallic selenium are identical. Below 100 K the order of heat 
capacities is: amorphous > monoclinic > metallic. From 100 to 200 K 
the differences are minimal. Above 200 K the heat capacity of amor- 
phous Se is higher than that of crystalline selenium. Setting the metal- 
lic selenium entropy at 0 K equal to zero, monoclinic selenium has, at 0 
K, a residual entropy of about 1.7 J mol-' K-l, and the free enthalpy of 
the transition of monoclinic to  metallic Se is negative; AG = -2.1 kJ/ 
mol(Se). At  0 K the residual entropy of amorphous (glassy) selenium is 
3.63 J mol-l K-' and the free enthalpy of the transition of amorphous 
(glassy) to metallic selenium is equal to -3.8 kJ/mol. At 494.2 * 0.1 K 
metallic selenium melts to an equilibrium melt with a heat of fusion of 
6.20 kJ/mol and an entropy of fusion of 12.55 J mol-' K-l. Assuming 
that the equilibrium melt consists of 64% Se8 rings and 36% long 
chains, the thermodynamic quantities for the monoclinic-to-melt tran- 
sitions have been estimated as follows (50): 

AH = 2.8 kJ/rnol(Se) 

A S  = 6.8 J rnol-I K-1 
'hypothetical Se8 ring melt 
(at 413 K) 

I 
I 

Monoclinic Sea crystal 
I 

AH = 0.4 W/rnol(Se) 

AS = 1.0 J rnol-' K-' 

AH = 3.24 kJ/rnol(Se) .1 
+equilibrium melt (rings + chains) 

A S  = 7.84 J rno1-l K-' (at 413 K) 
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From these data it was concluded that, owing to the considerably 
higher enthalpy of fusion of metallic selenium, the slightly positive 
enthalpy for the reaction rings + chains in the melt is changed to a 
negative enthalpy of reaction for the ring-to-chain reaction in the crys- 
talline state and makes the Sea rings metastable at all temperatures. 
The main reason for the higher stability of metallic selenium is its 
much higher packing density (see Table 11) as a result of the fairly 
strong interchain attraction forces. According to Franz et al. (49) the 
enthalpy of fusion of a-monoclinic Sea amounts to 3.79 kJ/mol at 
429 K. 

The enthalpies of formation and atomization, the heat capacities, 
and the entropies of the selenium rings Se, (n  = 5-12), as derived from 
mass spectrometric measurements and statistical thermodynamics 
(8-10, 12, 13, 57), are given in Table VI. 

The entropies, heat capacities, and thermodynamic functions of gas- 
eous cyclooctaselenium have been calculated from spectroscopic and 
structural data for temperatures of up to 3000 K (64). Both the heat 
capacities and entropies of sulfur rings S, (n = 6, 7, 8, 12) at a given 
temperature depend linearly on the ring size n (65). Therefore, it has 
been assumed that analogous relationships exist for the cyclic Sen mol- 
ecules, and the following equations have been derived from the data of 
Sen and Ses at 298 K (64): 

Ci (J mol-' K-l) = 22.17n - 3.33 

Sig8 (J mol-l K-l) = 49.6n + 135.4 

The particular values are also listed in Table VI. It has further been 
found that at given temperatures TI > TZ the function H(T1) - H(T2) 
of S, molecules depends on the number of atoms in the molecule. Pro- 
vided an analogous relationship exists for Sen molecules, correspond- 
ing equations can be derived from the data of Sez (66) and Sea (641, e.g.: 

Sen: &oo - Hzga = 2.278~~ - 0.317 (kJ/mol) 

Equations of this type allow the functions H(T1) - H(T2) to be calcu- 
lated also for other Se, (n = 5-12) molecules (64). 

Ill. Homocyclic Selenium Cations 

Cyclic selenium cations are known as monocations Se,+ observed in 
selenium vapor by mass spectrometry, and as dications Sef12+ of which 



TABLE VI 

FORMATION ENTHALPIES wa, ATOMIZATION ENTHALPIES mztn, ATOMIZATION ENTHALPIES REFERRED TO THE NUMBER OF ATOMS A&lna, 
HEAT CAPACITIES cz6, AND ENTROPIES sob OF GASEOUS CYCLIC SELENIUM MOLECULES Sen (n = 5-12) 

AH8298 

1 O d  8 9 

148.7 170 2 6 
138.4 157 2 6 
153.5 174 2 6 
169.4 186 2 6 

1042 
1283 
1509 
1737 

57 

946 2 21 
1183 * 25 
1390 2 33 
1624 2 38 
1796 2 42 
2010 2 50 

AHzJn 

9 57 

208 189 2 4 
214 197 2 4 
216 199 2 5 
217 203 2 5 
- 200 * 5 
- 201 2 5 

c;.298 

64 12J3 

107.5 
129.7 
151.9 
174.0 
196.2 
218.4 
240.5 
262.7 

100 
124 
147 
170 
- 

SZ98 

64 10 

383.4 405.9 
433.0 444.7 
482.6 507.9 
532.2 565.6 
581.8 - 

681.0 - 

631.4 - 

730.6 - 

9 

458.5 
523.9 
592.9 
655.6 
- 

In kJ/mol. 

Average heat capacity in the temperature region 298-418 K. 
Reference. 

6 In J mol-l K-l. 
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those with n = 4, 8, or 10 have been isolated as salts with various 
anions. In general, the removal of electrons from neutral selenium 
molecules Sen increases the total bond energy since the highest occu- 
pied molecular orbitals are always antibonding 7~ orbitals. The ions 
formed therefore contain additional CT or 7~ bonds as can be seen from 
the structures of S e P ,  Sea2+, and Selo2+. The structures of the monoca- 
tions Sen+ are unknown. 

A. MASS SPECTRA OF SELENIUM VAPORS 

The mass spectra of evaporated elemental gray metallic selenium 
(Se,) have been investigated, using different techniques. Conventional 
heating to 102-187°C combined with ionization by electron impact (40 
eV) leads to  cations Sen+ with n = 1-10, Ses+ being the most abundant 
ion. Sesf, Se6+, Se,+, and Sea+ arise mainly from the corresponding 
cyclic molecules and not from fragmentation of larger molecular ions 
(12). For appearance potentials, see Table IV. 

Heating of HgSe or of metallic selenium in a Knudsen cell (544- 
566 K) or surface evaporation of metallic or a-monoclinic Se, followed 
by electron impact ionization (75 eV), yields Sen+ ions with n = 1-8, 
Sez+ being the most abundant species (8). An investigation of the an- 
gular distribution of the ions Sen+ (n = 1-8) at different ionizing ener- 
gies (8.5-75 eV) and 210°C (Knudsen cell temperature) provided spe- 
cial information concerning the fragmentation process within the ion 
source (11). 

Evaporation of amorphous, metallic, or monoclinic Se by heating 
with a pulsed laser (lo7 W/cm2, 800 psec) also produces ions of type 
Sen+ (n = 1-9), Se5+ being the most abundant one. The analysis was 
carried out, using a time-of-flight mass spectrometer (58, 67). 

Rather different spectra are obtained when the equilibrium vapor 
above metallic selenium (160°C) is ionized by a field ion source (2.5-8.0 
kV), resulting in the ions Sen+ (n = 2 and 5-8); neither Se+ nor Se3+ 
and Se4+ have been observed (these species usually result from frag- 
mentation processes), but occasionally traces of Seg+ have been found. 
Using a Knudsen cell, Se6+ is the most abundant species, followed by 
Se5+ and Se7+, which all originate from the corresponding neutral, 
cyclic molecules (56). Field evaporation (20-100°C) of whiskers of sele- 
nium (prepared by field condensation of Se vapor) produces mainly 
Se5+, but small amounts of molecular ions with one, two, and four 
positive charges up to Se33 have been identified. However, these species 
may have chainlike structures (56). 
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TABLE VII 

ELECTRONIC ABSORPTION AND DIFFUSE-REFLECTANCE SPECTRA OF THE Se4'+ ION IN 
DIFFERENT ENVIRONMENTS (70) 

Sample Color P + m* (nm) P + T* or P + n* (nm) 

Se42+ in solution Yellow 410 320 
Se4(SbzF4)(SbZF5)(SbFs)s Golden yellow 413 382 (shoulder) 
SeXAsFdz Yellow 440 385 
SedAlC14)2 Yellow orange 488 430 
Se4(HSz07)~ Orange 524 428 

B. DICATIONS Sen2+ IN SOLIDS AND SOLUTIONS 

1 .  The Se42+ Ion 

The yellow, diamagnetic cation Se$+ was first detected by spectro- 
photometric and conductometric measurements on solutions of sele- 
nium in highly acidic and oxidizing solutions like HzS207 (20"C), 
HzS04 (95%, with SeOz or KzS2O8 as oxidants), and HS03F (with 
S2O6F2 as an oxidant) (68). SeB+ salts are prepared by reactions like: 

4Se + SzOeFz- Se42+ + 2S03F- 

7Se + SeOz + 6HzSO4- 2Se42+ + 6HSO4- + 2H30' 

4Se + 6HzSzO7- Se42+ + SO2 + 2HS3OI0 + 5HzS04 

The formation of Se42+ proceeds via the green Seg2+ as an intermedi- 
ate (see below). 

In solution, Sed+ exhibits an intense absorption a t  410 nm and a very 
weak one at 330 nm (68). By dissolution of selenium in 65% oleum, in a 
mixture of HSOP with S206F2, in liquid SO3, or in excess liquid SbF5, 
respectively, yellow to orange solids of compositions Se4(HS207)2, 
Se4(S03F)2, Se4(S4OI3)z, and Se4(Sb2Fll)z can be prepared (68). AsF5 
reacts with Se in liquid SO2 to give Se4(AsF6)z (69). The electronic 
transitions of these salts are shown in Table VII (70). 

The shifts of the dipole-allowed 7r + n* transition and of the weak 
band at lower wavelengths are caused by the varying polarizability of 
the anions and the fairly strong cation-anion interactions (71 1. 

Mixtures of SeC14 and AlClS show a melting point maximum of 
203 ? 2°C at a mixing ratio of 2 :  1; the orange material is believed 
to consist of Se4(A1C1& on grounds of its IR spectrum (72). 
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a*"+ 

FIG. 7.  Molecular orbitals of the T bond in Sed2+ ( T ~  bonding, rnb nonbonding, T* 

antibonding). 

Reaction of liquid SO3 with metallic Se at ambient temperatures 
produces yellow solids indicated by analysis to be Se4Sn03n+l (n  = 2,3 ,  
4) whose composition depends on the reaction time. UV spectra of 
solutions of these compounds in either H2SO4 or HS03F show the pres- 
ence of Se42+ (73). 

Crystals of Se4(HS2O7I2 have been examined by X-ray diffraction 
and were found to be monoclinic (space group P21/c) containing strictly 
square-planar Se42+ cations with an Se-Se internuclear distance of 
228.3 pm (site symmetry CJ, significantly less than that of 234 pm 
found in the Ses molecule (see Table 11). The shorter bond length has 
been explained by a delocalized T bond (74, 75). Each Se atom pos- 
sesses six localized electron pairs. In addition, the four 3p orbitals 
perpendicular to the molecular plane form one bonding, two nonbond- 
ing, and one antibonding molecular orbitals, occupied by six electrons 
as shown in Fig. 7 (76). For a detailed MO theoretical study of SeB+, 
see ref. (77). 

X-ray structural studies were also performed on single crystals of 
Se4(Sb2F4)(Sb2F5)(SbF&, prepared from Se and SbF5 in liquid SO2, 
and of Se4(A1Cl4I2 (71, 78). In both cases planar, centrosymmetrical 
cations with average bond distances of 226.0 and 228.6 pm, respec- 
tively, were found (valence angles, 90.0 * 0.1"). 

Extensive infrared, Raman, and resonance Raman (rR) spectroscopic 
investigations of solid and dissolved Se42+ salts led to the following 
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wave numbers of the four fundamental vibrations of the square-pla- 
nar cation (70, 76, 79): 

Eight combination vibrations and overtones, respectively, have been 
observed in the rR spectrum of Sed2+ in 25% oleum, and these have been 
used to calculate the harmonic wave number 01 = 321.8 k 0.5 cm-' 
and the anharmonicity constants xll = -0.55 and x12 = -1.3 cm-l(76). 
Because of the high molecular symmetry, the spectroscopic data are 
insufficient to calculate accurate force constants, but when most of the 
interaction constants are neglected (i.e., set equal to zero) the following 
force constants for Set+ can be deduced (in N/cm) (70, 76): 

f (bond stretching) = 2.09 

f m  (angle bending) = 0.20 

f m  (bond-bond interaction) = -0.02 

f A  (nonneighboring bond interaction) = 0.36 

Reactions. Salts containing the Se42+ ion are extremely hygro- 
scopic, selenium being precipitated with excess water (7): 

2Sed2+ + 6H20 - 7Se + SeOz + 4H30+ 

Oxidation of Sed2+ by peroxodisulfate, S2Oa2-, or peroxodisulfuryl- 
fluoride, SzOsF2, leads to SeO2, while reduction by either elemental 
selenium or hydrazine, N2H4, results in formation of the green Sea2+ 
cation (68). Reaction of either Se4(AsF6I2 or Se4(Sb2F& with S4N4 in 
liquid SO2 produces blue-green crystals of (Se4S2N4)(AsF& and 
(Se4S2N4)(SbF&, respectively, which contain the dimeric cation 
Se2SN2+ shown in Fig. 8 (69). 

2. The Se82t Ion 

The diamagnetic Ses2+ ion was discovered by Gillespie et al. (68) by 
spectrophotometric and conductometric measurements on solutions of 
selenium in highly acidic and oxidizing solutions like HzSO4 [ 100% at 
50-60°C, or 95% with K2S208 or Ce(S04)~ as an oxidant], H2S207 

(20°C), or HS03F (with SOB as an oxidant). In solution, Sea2+ is dark 
green and is formed in reactions like the following: 
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Se (2) 

l04.8’?4 ) 
106.0°(4) 

FIG. 8. Molecular structure of the cation in (Se4SzN4) (AsF& prepared from S4N4 and 
either Sed2+ or Seaz+ (69). Bond distances in angstroms. Numbers in parentheses are 
standard deviations. 

The green species has an intense absorption at 295 nm and weak ones 
at 470 and 685 nm (68). 

Black prismatic crystals of Ses(AlC14)2 have been obtained from a 
stoichiometric mixture of SeC14, Se, and AlC13 after fusion at 250°C for 
3 hr (80). 

15Se + SeC14 + 4A1ClS - 2Se8(AlCl4)2 

The melting point of this compound was determined from the phase 
diagram of the Se-SeC14-A1C13 system to be 192°C (72). 

An X-ray structural analysis of Ses(AlCl& revealed a bicyclic cation 
structure whose characteristic feature is an endo-exo conformation of 
the eight-membered ring. The molecular symmetry is approximately 
C, (see Fig. 9). 

The most striking detail of this structure is the transannular bond 
Se-3-Se-7 whose length of 284 pm is significantly less than the van 
der Waals distance (400 pm) and even less than the nonbonding con- 
tacts Se-2-Se-8 of 336 pm and Se-4-Se-6 of 330 pm. The other bond 
lengths vary between 229 and 236 pm and average to 231.8 pm (80). 
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FIG. 9. Molecular conformation of the Seaz+ ion in Sea (AlC14)z (80). Bond distances 
(pm): 1-2, 229; 2-3, 233; 3-4, 230; 4-5, 233; 5-6, 231; 6-7, 231; 7-8, 236; 8-1, 231. 
Distance of Se-3 from Se-7 is 284 pm. 

SedA1Cl.h can also be prepared according to the equation (81): 

The compounds Sea(AsF& and Sea(Sb2Fll)z have been obtained as fol- 
lows: 

SOZ(l) 8Se + 3 A s F 5 x  Se8(AsF& + AsF3 

8Se + 5SbF5 - Sea(Sb2Fll)2 + SbF3 

These green materials melt near 180°C and darken rapidly on expo- 
sure to moist air. When added to water they instantly decompose to red 
selenium and presumably SeOz . Dissolution in HzSO4 (loo%), oleum 
(HzSO4 + Sos), or HS03F produces green solutions with the character- 
istic absorption maxima of Sea2+ (see above). The formulas given 
above are based on analytical data and IR as well as NMR spectra (82). 
For a molecular orbital study of SeB2+, see ref. (77). 

HF 
0°C 

Reactions. Se&k+F~)z reacts with S4N4 in liquid SO2 at 20°C to give 
blue-green crystals of (Se4S2N4)(AsF&, which contain the dimeric cy- 
clic Se2SN2+ cation shown in Fig. 8 (69). Oxidation of Sea2+ in solution 
results in formation of the yellow Se%+ (see Section III,B,l), while 
reduction with elemental selenium produces the Selo2+ cation (see Sec- 
tion III,B,3). 

Solid Sea(AsF& reacts with C2F4 at room temperature to give AsF3 
and (CzF&Se, with n = 2 or 3. Se8(SbzFll)z yields similar products on 
reaction with CZF4 at 100°C. In  SO2 solution, Ses(AsF& and C2F4 yield 
mainly (CzF5)zSe~ and F5C2SeSeCF2COF (83). 
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3. The Selo2+ Zon 

Excess metallic selenium reacts with either AsF5 or SbF5 in SOz at 
20-50°C to give the saltlike compounds Selo(AsF& and Selo(SbF&, 
respectively, which have been obtained as deep-red crystals (brown 
when finely powdered) from the brownish-green solution. The reaction 
proceeds via Seaz+. An X-ray structural analysis of Selo(SbF& (space 
group P21/n, 2 = 8) revealed a cation structure of the bicyclo[4.2.2.lde- 
cane type (81). The asymmetric unit contains two structurally similar 
molecules, one of which is shown in Fig. 10. 

The Se-Se bond lengths alternate on moving away from the three- 
coordinated atoms: the six bonds adjacent to these three-coordinated 
atoms are the longest, having lengths of 241-246 pm; the bonds adja- 
cent to these long bonds are shorter with lengths of 223-227 pm, and 
the unique central bond Se-13-Se-14 has an intermediate length of 
236 pm (81). There are also some unusually short intramolecular 
Se Se contacts between atoms that are not directly bonded, e.g., Se- 
18-Se-110 = 330 pm, Se-13-Se-19 = 339 pm, and Se-14-Se-17 = 349 
pm indicating that Seloz+ may be regarded as some kind of cluster 
molecule with partly delocalized valence electrons (81 1. 

Considerable differences between the solution and solid-state colors 
and electronic absorption spectra have been observed that indicate 
that the stucture of the Selo2+ cation is not retained in solution. 
Selo(MF& can be dissolved without decomposition in HzSO4 (95.5%), 
while in HzS04 (100%) fairly rapid oxidation to Seaz+ takes place (M = 
As or Sb) (81). Selo(AlCl4)~ is obtained as a brown material by dispro- 
portionation of Sea(AlC14)~ on washing with large quantities of liquid 
SO2 (81 1. 

C. OTHER DICATIONS 

Spectrophotometric and potentiometric studies of the reduction of 
SeC14 by elemental selenium in eutectic NaCl-AlC13 melts at 150°C 
indicate that Se can exist in up to five different oxidation states, which 
have been interpreted in terms of the dications Sen2+, with n = 2,4,8,  
12, or 16, but the exact nature and the structures of these species are 
unknown, and no pure compounds have been isolated from these mix- 
tures (84, 85). Oxidation of (CzF&Sez by either SbF5 or 02(SbzF11) 
results in a wine-red cation of composition (SeC2F5)2nn+, where n is 
probably equal to 2. A homocyclic structure has been discussed for this 
species (86). 
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FIG. 10. Molecular conformation of the SelO2+ ion in Selo(SbF& (81). Bond distances 
(pm): 11-12,244; 12-13,225; 13-14,236; 14-15,226; 15-16,245; 16-17,239; 17-18, 
226; 18-11,243; 11-19,240; 19-110,223; 110-16,243, 

FIG. 10. Molecular conformation of the SelO2+ ion in Selo(SbF& (81). Bond distances 
(pm): 11-12,244; 12-13,225; 13-14,236; 14-15,226; 15-16,245; 16-17,239; 17-18, 
226; 18-11,243; 11-19,240; 19-110,223; 110-16,243, 

IV. Selenium Iodide Cations, Se,l+ 

The first derivative of a selenium ring was prepared by Passmore et 
al. (87) according to the following equations: 

By X-ray crystallography it was shown that the monoclinic red-black 
crystals of SesIAsFs contain the homocyclic Se61+ cation (symmetry C,  
(87). The exocyclic iodine atom bridges neighboring Ses rings, the two 
SeI distances (273.6 pm) being equivalent and of bond order 0.5 (see 
Fig. 11). 

The six-membered ring has a chairlike conformation and the Se-Se 
bond lengths vary between 229.2 and 237.0 pm. The longest bonds are 
those originating from the three-coordinated atoms, as has been ob- 
served for a number of related sulfur and selenium compounds, e.g., 
Selo", &I+, or SSO. 
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FIG. 11. Crystal structure of (Se61)(AsF6) (87). 

Considerable intermolecular Se ... Se interactions are a typical fea- 
ture of the crystal structures of selenium rings, and this holds also for 
Se61AsF6. Some of the contacts between neighboring rings are smaller 
than the sum of the van der Waals radii (400 pm), leading to a struc- 
ture as shown in Fig. 11, in which polymeric strands of [SesI+], can be 
recognized. The dotted lines indicate stronger than van der Waals 
interactions (359.1 pm) (87). 

No reactions of Se&4sF6 are known. 

V. Conclusions and Outlook 

The structures and bond properties of the homocyclic species dis- 
cussed in this article show that the selenium-selenium bond exhibits 
basically the same features as the well-investigated analogous sulfur- 
sulfur bond, which is known for its ability to adjust to a wide variety of 
bonding situations by large variations of the bond distances, bond an- 
gles, and dihedral angles (36). In the case of the Se-Se bonds, the 
fewer number of examples does not yet allow a systematic analysis, but 
contrary to what has been assumed in the past (when the importance of 
partial as well as double bonds between second- and third-row ele- 
ments has been underestimated or even denied), the presently known 
examples show that the Se-Se bond order in homocyclic molecules 
can vary over a wide range, as reflected by variation of the bond dis- 
tances between the 284 pm in Ses2+ and 223 pm in Selo2+. These values 
should be compared with the bond length in the strain-free ring of Sea 
(234 pm) as a measure of the single-bond length and with the van der 
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Waals distance of 400 pm as an upper limit. A stable homocyclic com- 
pound with a selenium-selenium double bond is not known. 

It can be expected that the relationships between (1) bond length and 
dihedral angle, (2) bond length and stretching force constant, and (3) 
bond length and the length of the neighboring bonds, which have been 
established empirically for homocyclic sulfur molecules (1, 361, will 
also be found in the case of selenium rings as soon as sufficiently 
different structures are known. 

One of the major differences between two-coordinated sulfur and 
selenium is the tendency of the latter to  increase its coordination num- 
ber, as can be seen from the fairly strong intermolecular interactions 
between selenium rings in the various crystal structures. The shortest 
intermolecular distance observed (335 pm in y-Ses) is 65 pm shorter 
than the van der Waals distance (400 pm) but still 101 pm longer than 
the single bond distance defined above. In the case of sulfur rings the 
shortest observed intermolecular contact (323 pm in S l ~  (88) is 37 pm 
shorter than the van der Waals distance (360 pm) but 101 pm longer 
than the single bond in Sg. 

Many of the above-mentioned compounds have been first prepared or 
properly characterized after 1968. It therefore can be expected that 
new species of similar types will be synthesized in the near future. 
Their investigation by modern analytical techniques will finally help 
to elucidate the molecular structure of more complex systems such as 
amorphous, glassy, and liquid elemental selenium. In this context the 
already better understood homocyclic sulfur compounds and, in partic- 
ular, the mixed species, the heterocyclic selenium sulfides (55), can 
serve as models to study the structural and chemical behavior of the 
selenium-selenium bond. 
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