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Sulfur is unique among the elements in consisting in its standard state of
octatomic molecules. It is interesting that the stability of the S8 molecule
can be understood by consideration of the forces determining the orienta-
tion around the sulfur-sulfur single bond.

Let us consider a molecule such as H2S2, in which each sulfur atom forms
a single bond with the other sulfur atom and a single bond with another
atom (hydrogen), and has in addition two unshared electron pairs in its
outer shell. The bonds formed by the sulfur atoms involve mainly 3p orbi-
tals, and one of the two unshared outer electron pairs occupies the third 3p
orbital, the other unshared pair occupying essentially the 4s orbital. (A
rough theoretical treatment which will be communicated later indicates that
the bond orbitals have only about 1% s character.) The dihedral angle be-
tween the planes H-S-S and S-S-H is determined principally by the
repulsion of p7r electrons. The repulsion between p7r electrons is at a maxi-
mum when the p7r orbitals of the two sulfur atoms are in the same plane, and
falls to zero when these orbitals are in orthogonal planes. The energy of in-
teraction of an unshared pair of pfr electrons on one atom and the similar
unshared pair on the other atom in a coplanar p7rorbital is equal to -2 a (the
negative sign corresponding to repulsion, because a, the exchange integral
occurring in the electron-pair bond theory, is itself negative), that between
an unshared pair on one atom and a single bonding electron on another is
- a, and that between two bonding electrons is- 1/2a. Hence the total in-
teraction energy of the pir electrons in H2S2 varies from-5/2a for a planar
configuration of the molecule (dihedral angle 'y equal to 0° or 1800) to a
minimum of - 2a for y = 900. It is then to be predicted that the molecule
H2S2 has a skew configuration, with the dihedral angle y equal to approxi-
mately 900. The configuration of this molecule has not been precisely de-
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termined, although it is known not to be planar,' but the similar molecule
hydrogen peroxide, H202, has been shown to have y equal to approximately
1060 in the crystal-formed by hydrogen peroxide and urea2 and a similar
value in the pure substance.3 (An explanation essentially equivalent to
that given above was advanced by Penney and Sutherland to account for
the skew configuration of hydrogen peroxide.4) Moreover, Guthrie has
found, from a careful electron-diffraction investigation of sulfur monochlo-
ride, S2C12, that the dihedral angle in this molecule is equal to 920 = 120,5
and the value of -y in dimethyltrisulfide has been found6 to be approxi-
mately 1060. We accordingly conclude that the normal value of the dihe-
dral angle y for the sulfur-sulfur bond is in the neighborhood of 1000. The
increase over the value 900 given by the simple theoretical treatment may
be due to van der Waals repulsion of the non-bonded atoms and to other in-

TABLE 1

VALUES OF THE DIHEDRAL ANGLE IN STAGGERED RING MOLECULES
NUMBER OF
ATOMS IN - BOND ANGLE
RING 900 950 1000 1050 1100 1150 1200

4 00
..... ..... ..... ..... .....

6 900 840311 77052' 690341 580411 420131 0°
8 1140281 111001 1060501 102061 960181 890101 80071
10 12810'1 1250341 1220321 1180591 1140481 1090471 1030391
12 137041 134057' 1320311 1290411 1260211 1220241 1170391

teractions, such as the electrostatic interactions of multipoles discussed re-
cently by Lassettre and Dean.7

InthemoleculeSe,whichhasthestaggeredconfiguration,theS-S Sbond
angle A has been found to be equal to 1050 both in the orthorhombic crystal8
and in the vapor.9 The dihedral angle -y is not independently variable, but
is determined by ,B; its value is 1020. This value is, according to the fore-
going argument, close to the normal value, which minimizes the energy of
the X-S-S-X group; and it is our thesis that the S8 molecule is stable
(relative to Sx, with x #8) because its configuration leads to this value.
The relation between y and f3 for symmetrical staggered rings (with

point-group symmetry Dnh) containing n atoms (n even) is

in2 cos (2ir/n) + cos (1)
2 1 + cos6

In table 1 there are given values of y for values of j3 between 900 and 1200
and for n between 4 and 12. It is seen that for ,B = 1050, the value observed
for sulfur, the minimum deviation from the normal value of 'Y, which we
may take as 1000, occurs at n = 8, and amounts to about 20 as compared
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with 190 for n = 10 and 300 for n = 6. Since the staggered configurations
of the ring provide better approximation to the normal value of y than do
other configurations, this calculation gives an explanation of the stability of
S8 relative to other sulfur molecules. At higher temperatures sulfur vapor
contains S6 andS. as well as S8. There is little doubt that the S6 molecule is
a staggered hexagonal ring. The difference in heat content of S6 and S8 has
been evaluated from thermochemical data by Bichowsky and Rossini,'I and
found to be equal to 1.25 kcal./mole per sulfur-sulfur bond. The interac-
tion energy of the p7r electrons is according to simple theory proportional to
sin2 oy. On this assumption, and the assumptions that the bond angle /3 is
the same in S6 as in S8 and that the normal value of y is 1000, a can be evalu-
ated as - 9.8 kcal./mole. This value for a can be considered to be only a
very rough one, inasmuch as other structural factors also without doubt
contribute to the difference in energy of S6 and S8, but it is worth pointing
out that the value is not unreasonable.
The standard state of selenium is a hexagonal crystalline state in which

there are infinite spiral molecules of selenium atoms, with Se-Se-Se bond
angle ,B = 1050. There also exists a less stable red crystalline state of sele-
nium containing Se8 molecules, and the vapor of selenium consistsofSe8mole-
cules, Se6 molecules, and, at higher temperatures, Se2 molecules. Bichowsky
and Rossini give for the difference in energy of Se6 and Se8 the value 1.07
kcal./mole of Se-Se bonds, which corresponds to - 8.4 kcal./mole for the
resonance integral a.
The spiral molecules in the hexagonal crystals of selenium, and also those

representing the standard state of tellurium, have a threefold axis. The re-
lation between the dihedral angle y and the bond angle A for a threefold
spiral molecule is sin2 Sy = 1/2 (1 - 2 cos #)/(1 - cos /), corresponding for
the values 900, 95, 1000, 1050, 1100, 1150 and 1200 for A to the values 900,
94036', 98031, 101052/, 104046, 107017' and 109028' for y. It is seen that
for : = 1050, as observed for sulfur and selenium, the value of -y is nearly
the same for the threefold spiral as for the 8-membered staggered ring. The
greater stability of the crystals containing the threefold spiral for selenium
and tellurium is presumably due to the strong interaction between neighbor-
ing molecules which is made evident in the semi-metallic properties of the
crystals. For tellurium, with bond angle 1020, the value of y is 1000.
The failure of oxygen to form a molecule such as 08 is of course due to the

greater stability of the multiple bonds in the 02 molecule; this greater sta-
bility of multiple bonds over single bonds is characteristic of the first-row
elements.

It is interesting that fibrous sulfur, made by stretching the rubbery form
of sulfur obtained on cooling liquid sulfur-,A, seems not to contain spirals
with a threefold axis, like the spirals in selenium and tellurium, but to have
another structure. Meyer and Go" have reported that the unit of struc-
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true of fibrous sulfur is monoclinic, with ao = 26.4 A, bo = 9.26 A, co = 12.32
A and 3 = 79°15', and that it contains 112 atoms. The b axis is the fiber
axis. These authors suggested that there are 14 chains with a repeating
unit of eight atoms each in the unit, and proposed two alternative planar
configurations for the chains. These planar configurationsare, however, to
be rejected, because they make the S-S--S-S dihedral angle equal to O0,

'61~~~~~~~~~~~~

~~~~8~: l l ..*~

as~~~~~~~~~~~~~~~~~~~~~,

FIGURE 1
The seven-atom two-turn spiral proposed as the repeating unit in

the chains of fibrous sulfur.

which corresponds to the minimum stability. It might indeed be expected
that the sulfur atoms are arranged in a simple threefold spiral, with two
turns in the unit distance bo, as was tentatively suggested by Huggins.12
This, however, leads to the value 1090 for theS-S-S bond angle, which is
unsatisfactory, and, moreover, the reported number of atoms in the unit is
not a multiple of 6.
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A conclusion about the probable structure can be reached from the as-
sumption that the S-S distance and the S-S-S bond angle have the same
values (2.08 A and 1050) as in S8. It is found that no spiral making a single
turn in the identity distance bo is acceptable. A spiral making two turns in
bo would be predicted, with the above parameters, to have bo = 8.89 A for
six atoms, 9.12 A for seven and 8.49 A for eight. Only the second of these is
close enough to the observed value 9.26 A to be indicated as correct; in-
deed, increasing the bond angle to 1060 leads for the seven-atom two-turn
spiral to exactly bo = 9.26 A. The dihedral angle for this spiral is 760,
which is intermediate between the value for S8 and that for S6, and, through
its derivation from the value corresponding to maximum stability, is com-
patible with the ease of conversion of fibrous sulfur into orthorhombic sul-
fur. The seven-atom chain unit explains the unusual occurrence of a mul-
tiple of seven atoms (112) in the unit of structure; the packing of chains is
such as to lead to sixteen chains, parallel to b, per unit. Moreover, the fact
that bo is 9.26 A rather than approximately half so large is explained by the
seven-atom spiral, which repeats only after seven atoms, whereas the six-
atom and eight-atom spirals (with two turns) would repeat after a single
turn. It is accordingly very likely that the structural unit of fibrous sulfur
is the seven-atom two-turn spiral, shown in figure 1. The geometrical prop-
erties of the spiral are such that the distances bo = 9.26 = 0.05 A and S-S
- 2.08 = 0.02 A determine the bond angle to be 1060 ° 1/20.

* Contribution No. 1296 from the Gates and Crellin Laboratories of Chemistry.
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