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I. Introduction

A. General Background

Duringlthe last ten years 12 new elemeptal sulfur rings have been-
_syﬁthesized,,the structure of the third solid-éycloocta»sulfur allbtroée
has been determined, and much has béen learnf about the mdlecular
composition of solid, liquid_and gaseous sglfur. Many bulk properties
are more acéurately known, and the color of liquid‘and‘ga§eous sulfur
can now be explained. The purpose of the present review is to discuss
these recent discoveries, and to present an up to date picture of our
present knowledge of élemental sul fur. |

Elemental Sulfur has been knpwn and used for several thousand
years. Until 1880, the most important source of industrial sulfur was
thé volcanic soil of Sicily. Sincg 1891, ;he patents of‘H. Frasch1
permitted mining of ever increasing volumes of very puré elemental
sulfur from salt domes in North America. In 1971'élmost lo.million
tons of Frasch sulfur were produced in the u.s. In §ontrasf, and despite
the excellent‘process of C. F. Claus% 1882, chemical_recovery‘of sulfur
from smglting and refining operations remained comparatively insignifi-
cant, until the recent demand for energy forced the recovery of by- |
prbduct sulfur from natural gag‘. In 1971, for the first time, chemical
production of Claus sulfur exceeded mining of Frasch sulfur> Parallelv
to this historic transition from mining to chemical production, recent
interest in environmental quality attracted many to study sulfur .

chemistry and the recovery of sulfur from sulfur dioxide in combustion



gases. Howe?er; deSpite ten years of intensive efforts, the best knowd
processes are still inefficient and uneconomical applications of lime-
stone. The basic chemistry of the dry limestonelprocess was patented’ )
by Clegg4.in 1815 with the goal of reducing Boiler corrosion.~ fhe,
chemistry of the wet limestone précess, used to recover S, from
producér's and water gas, was described in a patent'by Philips4 in_
1814. Obviouﬁly, nmuch opportunity exists to'apply prcgrgssrin sulfur
chemistry to develop new production methods, and much sulfﬁrvreseafdl
remains to be undertaken to imprbve chemical productibn and usé of

this element, of which‘40 million tons were consumed last year, and

a comparable amount was released into the atmosphere.

This review is primarily concerned_wifh progress during the last
ten years. The most reliable and éxteﬁsive summafy of old research can
be found in Gmelin.5 Since then, several summaries of specialized
areas have appeared: The properties of soiid allétfbpés have been
reviewéd in this journal.6 Donohue7 has described the discovery of .
the structure of the solid allotropés; Schmidt8 reviewed geﬁeral
prOpertiés of sulfur, as well as fhe eight new metastable aliotfopes9
wﬁich hiS group synthesized, and the late A. V. Tob’olsky10 summarized
his contribution to the present understanding of the polymer.‘ Harris11
discussed the COmeSition of the melt, Berk witz12 fhat of the vapor,
and Sco’tt13 and Wiewiorowski14 that of solutions. Many.chemicalv

G

and physical prOpertieslo of solid, liquid and gaseous sulfur have

been reviewed. The propertieé and reactions of sulfur compounds
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are treated in vOlumes.edifed by Nickless,16 Senning,17 Tobolsky18
and Kafchmer.lg ‘Further reviews have been published by Schmidt,zo
and others.z; The structure of polysulfides ﬁas been discussgd by
Rahman,22 and organic_reactions of eJemental sulfur are included in' 
the classical series by Reid,23 and Kharas;:h.z-4 The reaction méchanisms
have been discussed by Pryor.25

Since the last review, high pufity elemental sulfur has becomer
commercially available and is now almost uﬁiversally used. Researcﬂ on
ultrapure sulfur has been quite successful,26 and analytical methods
for impurities in sulfur,27'and traces of sulfur28 are established.
Furthermore, most chemists.are now aware of the unusﬁal molecular
complexity of elemental sulfur, and the fact that the physical and
chemical properties of solid sulfur are dependent oﬂ its temperature
history. However, the nomenclature of sulfur species is still'unsatis-’
**% and confusing. |

This review starts with a sﬁort guidé tb names and synonfms. In
Section II,!properties of the S-S bond is discussed, and the present
experimqntéi knowledge_of molecular variety is summarized. Section III,
IV and V deal with the composition of the solid,.liquid and gas phase, |
while Secfion VI discusses phenomena in solutions of non-polar and
ionic solvents. The latter includes a short discussion of positivévand
negative elemental ions. The thermal and spectral data and the sparse
kinetic data will be integrated into the‘discuésion of individual

allotropes.



B. Nomenclature

There are many reasons for the confusing multitude of names and
lnomenclatures which aré in use. Severai al;ot:opes were di#éovéred ét
a time when the moleculér structure and the nature.of chemical bonding
were not yet understood. As a matter of fact, the preparationvand
properties of polymeric sulfur, a-, B-, and y-sulfur were known before
it was proven that sulfur is an element. Periodic Attempts by vérious
authors. to systematize the nomenﬁlature haye failed, as they often lead v'
to furthér confusion: The third modificaﬁion of Muthmann, for example,
is the second monoclinic modification of Korinth, and is aléo widely
called y-sulfur.

There are so many types of sulfur allotropés thaﬁ a systématic
nomenclature yields long and complicated names. Thus, the choice is
between clumsy or ambiguous némes, so trivial names will likely rgmain
in use. Table I indicates the names chosen for this review, and lists
some of the most common synon}ms encountered in the references. In
case of doubt, the least ambiguous of the most widely accepted némes
is useda. |

Greek letters will be used as_sparingly.as poésible. However, &,

' B,vand Y remain the best accepted designations for the three fully
identified solid allotropes of cycloocta-sulfur. In contrast, § and ¢
for identifying cyclohexa-sulfur are unnecessary, as only one allotrbpe

exists. The letters 7 and 4 refer to a different élass of compounds.
‘These letters are used as comprehensive terms for identifying well known,
but pdorly characterized mixtures: = refers to all components, other
than cycloocta-S, in the sﬁlfur melt; Y>;sulfur is a fibrous sdlid

allotropes, obtained by quenching liquid polymeric sulfur.
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Name

(alpha)‘

(beta)

(gamma)

(delta)
(epsilon)

(zeta)
(eta)

(theta)
(iota)
(kappa)
(1ambda)
(mu)

(nu)
(xi)

(omicron) -

(pi)

(rho)
(tau)
(phi)
(phi)

Table I

Guide to Nomenclature

Synonyms

Rhombic,
orthorhombic,
Muthmann's I

Monoclinic I,

- Muthmann's II,

prismatic

Monoclinic II,
Muthmann's III,
nacreus, mother-of-
pearl, Gernez

Monoclinic III,
Muthmann's 1V,
y-monoclinic

Engel, Aten, rhombo-
hedral, monoclinic
Engel

 5th monoclinic,

Korinth

4th monoclinic,
Korinth

Tetragonal, Korinth
Exr'ametsy
Erdhmetsy

a) insoluble,
b) polymeric

M

" Triclinic, Korinth

ErimetsY

a) Aten, Er'imetsi
1~ 4

b) Catenaocta-$S

Aten, Engel

Erimets4d

Fibrous

Fibrous, plastic

Molecular -
Species

Cycloocta-S
Cycloocta-S

Cycloocta-S

Cycloocta-S

Cyclohexa-S

Cycloocta-S |

Cycloocta-S

Cycloocta-S
Cycloocta-S
Cycloocta-S

Cycloocta-S

Catenapoly-S

Mixture

. Cycloocta-S

Cycloocta-S

Ring~mixture

Cyclohexa~S

Cycloocta-S

Mixture

Polycatena-S

‘Allotrope of §

- Allotrope of S

Designation
used in this
Review

Orthorhombic-a

" Monoclinic-8

Monoclinic~y

| Allotropes of Sg

Rhombohédral

8
.
Allotrdpe of 88
Allotrope of 58

Allotrope of S
Cycloocta-S

8.
8
Solid or liquid
Polymeric-S

~Solid polymeric

Allotrope of S8
Allotrope of S8

- Frozen liquid

- Cyclohexa-S
“Allotrope of Sq

Fibrous

Fibrous

" Section
or

Reference . -

CIII B

III B

III B

III C,D
111 C,D
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Page 2

- 'x (chi)

Y (psi)

" w (omega)

Aten

Braun

Engel
Korinth
Muthmann
Schmidt
Amorphous

Cubic

Fibrous
Insoluble
Laminar
‘Metallic

Photosulfur
Black

A)

- Brown
Green
Orange.
'Purple
Red |

Violet
E, F, G
I, K, L, M

0 U 0430

to Nomenclature
Synonyms

Plastic
Fibrous

Insoluble, white,
Das, super-sublima-
tion

Triclinic

u

see: €, P

see:

--see: €, p

Ty

see: &, A

o, B, v, §,

n, v
see:

see: orthorhombic-S

12
w, M

High pressure cubic
plastic, see:

¥y, , phase II
"Crystex', super-
sublimated

Phase I, white,w,u,Xx

High pressure
metallic

InSoluble

a)Skjerven
b)Rice, Schenk

Maltsev

‘Rice

Erametsd
Rice

a) Rice
b) Eramets#d

Rice
Erametsi's red

Orange’

Molecular
Species

Mixture
Mixture

Mixture

Cycloocta-s

Cyclohexa-S
Mixture

Cyclohexa-S
Cycloocta-S

Cycloocta-S
Cyclodode a-S

‘Mixture

Catenapoly-5

Mixture

Catenapoly-S
?

?

?

- Mixture

Mixture

Mixture

Mixture

Mixture
Mixture

Mixture

Mixture

Designation '
used in this

review
Polymeric
~ Fibrous

Polymeric

Allotrbpe of 88

" Solid
- Polymeric
~Rhombohedral

Solid,
Polymeric

' Rhombohedral

Solid, polymeric

High pressure
forms

Fibrous

‘ Insoluble

Laminar

High pressure

forms ,
Photosul fur

Quenched liquid
Trapped vapor

Trapped vapor
Trapped vapor

Trapped vapor

Trapped vapor
Trapped vapor

Trapped vapor -

Allotrope of 88 '

Sectioﬁ

or
Refer

111
111
111

III

III

III

ence

c
C, D
C

III B
ITI C
" III D

ITII C

III C

I1I

VI
III

LI D

II1 E

111

I11

III
111

ITI

tr

[22 BN ¢ 2 B 27 B <2
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II. The Sulfur Bond

A. Electronic Structure
The sulfur atom has the same number of valence electrons as oxygen.
Thus, sulfur atoms,S2 and 83 have physical.and chemical properties

3

analogous to those of oxygen and ozone. S2 has a ground state .of Z;.

Its excited electronic energy levels29 correspond to those of 02. S3
has a well known uv specfrum, and probably has a bent structﬁré,

analogous to its isovalent molecules30 03, SOZ’ SéO. Accordingly, SS’

thiozone, most likely has ground state 12. However, S, and not S,, is

the stable STP form of sulfur. Thus, the chemistry of the two elements
~differs because sulfur has a pronounced tendency for catenation. The

most frequently quoted explanation is based on the electron structure of

the atom: Sulfur has low lying unoccupied 3d ofbitals,31 and it ié )
widely believed that the 4s and 3d orbitals of sulfur participate in

bonding in a manner similar to the participation of 2s and 2p orbitals

.in carbon.

A discussion of the wave-mechanical calculations of various con- -
figurations and the ionization states of the sulfur atom is given by '
Cruickshank.32 The ionization_potentials, electron affinities and

Mulliken's electronegativity for various orbitals of atomic sulfur are

. . . . . . ‘ . 3:
given in Table II. Considerations regarding the atomic wave functions, 3

radical functions from self consistent field calculations, and orbital
energies - the d-orbital energies are only about 10% of the p-orbifal

energies32 - indicate that d-orbitals of the free atom do not justify

the belief in strong d-orbital partiéipation34’3° in S-S bonds. Recent

calculations by Miller and Cusachs36 on cyclo-S

A}

cyclo-S_, cyclo-S

8’ 6 4’

bro-
o.LN 1

e



- Table 11

- Orbital Ionization Potential (IV), Electron Affinity (Ev),
and Mulliken's Electronegativity (x)

of Atomic Sulfur (after ref 32)

Configuraﬁionv » i b;bigéi : b‘i;  ”i”WEV - {mmu
_mw;§;5;p“ - vﬂ.:”?.m mhih.iz,4 :fwf?§:4 s

o9 2spH) 2sp3sp>  spd  15.5 4.8 101
.(spz)z(spz)észn ,spz - 16.3 _ 5.4 ‘10.9‘

. 12.7 2.8 7.7
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and catena-S, ions confirmed that the contribution of d-orbitals to the

6
ground state energies of divalent sulfur compounds37 is negligible, but

‘they observed that in computations of energy levels of excited states

the inclusion of d-orbitals yields different energiés, ahd that values.
calculated with d-orbitéls fit the observed Speétra_bétter than those

withouﬁ d-orbitals. The same observation wés made by Spitzef and

Meyer38 for an entire series of sulfur rings and chains, and ions. .The
importance>of d-orbitals increases drasticall&vin_the‘presence of a |

liquid field, as was shown by Craig and Zauli39 fbrvsfé. A bond model

for'S8 in the gas phase and the solid deduced from atomic orbitals has

been given by Gibbons’,40 and is shown in Figure 1. Clark41 has _ :if&ff
described bonding in sulfur chains by a one electron model, and obtéined )

42 Muller and Hegeﬂ43

energy levels compatible with those of Palma.
developed a three dimensional electron gas model which yields good

relative bond energies for sulfur rings of various sizes.

B. Bond Geometry
The observed geometry of the divalent S-5-S bond is shown in

Figuég 2. The sulfur helix of S, yields probably the best values for ' f%qu;

an undisturbéd bond geometry. The free bond is characterized by a P
torsion angle of.85.3°, a bond angle of 106°,>énd a bond distance of

2,066 A, as oBservéd in helices. In Figure 2, sp3 hybrid orbitals40 are
indicated at the terminal aéoms,_to suggest the direction of further

bonds. Bergson44 and otheré'have proposed that the S-S dihedral angle

is determined by repulsion between lone electron pairs on adjacent atoms.

The significance of different bond distances has been discussed by
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Foss.*> A list of S-S bond distances is given in Table III. The , Nedife T

2

probably accounts for all bonds shorter than 2.06 A. Pauling46 assumed

short S-S bond29 in S, is probably due to w-bonding. Partial w-bonding

8

determining free bonds. This is a problematic device, as will be

a single bond value of 2.08 A,_using the S, ring as the basis for
discussed below. The unstrained bond distance47 is probably about
2.06 A. Lindquist48 correlated the S-S bond distance to the ratio of
s/p hybridization. Torsion around the bond is restricted.- Semlyen49

estimated an activation energy of AE = 6 kcal/mole for the transition

(+-) (++)

&N

from cis to trans conformations. Figure 3 shows the left and - .'ﬁfii.
right handed helices of fibrous éulfur, which resuit from continued

+ - configurations. A view along'the c-axis shows the staggering of

atom#. Tabie IV indicates the conformations observed for some othe:: Table T™Y
sulfur éompounds. Some species can exist in two differenf conforma- |
tions, depending on the nature of the terminai group or the cation with

which the sulfur chain shares the solid phase. The observed bond data

is listed below, in Table VI. ' ‘ o XCh e ,wsé

C. Molecular Variety
N :
There has been much controversy whether sulfur molecules in the
various phases exist as rings, chains, or both. Thé most widely recog-
nized prerequisite for ring formation is that a bond configuration e
exists which briﬁgs the chain ends within bonding distance.49 This
conditiﬁn is fulfilled for molecules with six 6r more atoms. In'S4 and
5

S. considerable deviations from normal divalent sulfur bond properties:

are necessary if a ring is to be formed. Table V lists some chain o erle ¥
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Representative S-S Bond Distances

Molecule

52
2F2
-2
3
diphenyl disulfide

S

2,2'-biphenyl
disulfide

a-cystine

A
Me ZS 2

SS(CFS)Z

S5 (Me),
840

a-cystine
hydrochloride

13-

Table III

S-S Bond Length _
(A)

"M'i}sg
1.89
2.00
2.03

2.03

2.03
2.038
2.04

2.04
2.04-2.20

2.05

2.053
2.055
2.060
2.066
2.11
2.15
2.39

2.58

(a) See refs. 22, 29, 66.

(a)
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Table IV

~ Conformations of Catena Sulfur Compounds

Conformation* Compound

e di-2-iodoethyl trisulfide
~ dibenzene sulfonyl trisulfide |
di-p-toluene sulfonyl trisulfide
dimethane sulfonyl trisulfide

ammonium telluropentathionate

+- - cyanogen trisulfide
triclinic barium pentathionate dihydrate
barium pentathionate hydrate acetonate

orthorhombic barium pentathionate dihydrate

4 caesium hexasul fide o _
trans-dichloro-dien-cobalt(III) hexathionate
monohydrate
++ potassium barium hexathionate

*The ssign corresponds to the sign of the internal rotational
angle: ++ and -- corresponds to trans; +- to cis. See refs.
22 and 49.
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Table V

Chain Conformations Favoring Ring Formation

Number of. Distance - .
atoms in between the : Chain Conformations
the chain , terminal atoms
(A)
3+59 T
2-06 ' ot
1-01 ) OO
3-68 P
8 . . 1-56 T ——
2-94 o FUPR.
9 . 2:43 e
' 326 - ' *obobot
3-71 PO
10 1-07 | Y S S
3-24 R T ro—
3+42 REL BT S
3.70 bbbt
- 3-72 S T
3-75 : PO,
11 2-01 S R S
: : T 223 : [ S A
2°27 . . IEEZ L TS
254 : B TR
2-59 thomt ot
2:63 L T
12t . 0-20 F O,
0-53 ot b bat
0-66 thomt b
0-91 bbbt
1.57 _ Fotmm et
20 : ’ , EEY T N TR
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configurations, and the distancé between terminal afoms for some ﬁhort
chains. The values are based on a model by Sémlyen,47 and are based
on Pauling's46 bond assumptions .of a bond angle supplement of 74°, an
internal rotational anglé of 90°, and a bond distance of 2.06 A. The
values are.good enough for a qualitative éoﬁparison. .EXperimentél
ionization patternss_O and thermodynamic considerations51 aé'well as
theoretical calculations43 indicate that all molécuieé, Sn’ 6<n<12,

o

contain unequivalent atoms, exist as rings in all phases.

including S Sg;'and SlO’ wihich suffer from unfévorable distances and

Obviously, the larger the chain, the greater is the probability
that some of the configurafioﬁs éllow strain-free ring closure. However,
neither thermodynamic nor kinetic stability of'ring increases with
size. Experiments show that 88; 512 and Sé'are thé most Stable

molecules, in that order,52 probably beécause of symmetry considerations

. . . 53 , s
and because of non-neighbor interaction™ between atoms across the ring.

The structure of S; and S,, is shown in Figure 4. The experimental e T
: o = b
bond data of these molecules is well established, and listed below in
Table XI. S6 has a chair structure, as is seen in Figure 5. 88 is the T
<

] . e

thermodynamic stable form of sulfur at STP, and was used by Pauling

and his predecessors as the basis for determining ideal S-S-S dimensions.
This procedureVCOnstituted fherbest pdssibie approach at that time |

and was very successful, even though bonding in 88 differs from that in

_ other rings, because fhe crown structure allows for coﬁsiderable Cross-
ring interaction53 between non-bonded atoms. The‘existeﬁCe of £h¢

amazingly stable S12 ririg,s4 confirms that Pauling's assumptions about.
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the S-S bond were correct, even though'his erroneous assumptions about
.S—S—S bond conformations led him to forbid its exisfen;e.

‘Large rings are unsfable because they léck higher order bond
contributions, are awkward, aﬁd have unshieaded atoms. Furthermore,-the.
S-S bonds are phbtosenSitive,ss and the resulting chains undergo quick

8,56 ' -

degradation:

=Sy~ > Sg +--Sx-8f

The syntbesis pf large rings is interrupted by formation of SS-
riﬁgs, whenever the chains are long enough."HoWever, Séhmidtg_Showed
that large‘rings can be made, that they occur iﬁ the melt,54 énd that
such rings, once they are formed, are far more stable than had been
anticipated.

Rings and chains having aAéiven number of atoms have very diffefent
electron structure: Sulfur'chains; exéept SS’ are éXpected to be
vdiradic#ls,57’58 while rings have fully paired electrons. Thus, rings
corfespond to chains with terminal gfoups; such-as, for example,
sulfanes H—SX-H. The difference between the ring and chain shows in
chemical reactivity, as well as in physical_properfies,.for examplevv,
color. All known rings exhibit yellow hues.58 The 5pectr;, as far as
known, all show an absorption band in the 250-300 nm region. The
transition energies38 are shown in Figure 6. The uv absorption of the
corresponding yellow H-SX-H chains is well established.sgv It lies in-
tﬁe 280 nm region. With increasing chain length, the absorption shifts

to the red and converge toward 330 nm. It fits the sequence of

. .y . 60 . .- ' :
electronic transition energies calculated  with a one-electron model,

f ol
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38 The

as well as those obtained with an extended Hickel calculation.
elemental free radical chains absorb in the visible. The observed
absorption of short chain members and the calculated transitions are

z

also shown in Figure 6.

The calculations3 >3

predict that with increasing chain length
the transition energy converges toward 850 nm, i.e. the near infrared.
-The convergence of transition energies is an intrinsic property of all

homologue series. It has been thoroughly discussed for the alkane

series.61 In the case of free radical chains of sulfur, it indicates

that interaction between terminal atoms, via the chain, becomes negli-
gible. The shift of proton NMR spectra of the sulfanes62 H-S -H, of

38,60 for these

the corresponding Raman spectrasg, and the calculations
compounds, and elemental sulfqr chains indicate that approximately'*
eight atoms are sufficient to interrﬁpt intra-chain communicatibn
between terminal groups. Thus, terminal groups in long chains act as
independent functions, and intermediate chain member§ behave increasingly
like members of a large ring. Sulfur cﬁains?3 absorbing in.the visible,
are degply colored, and according to these ~considerations, 'Smf mus;
be black. }bwever, poiymeric sulfur is yellow and absorbs in the uv,
as is seen in Figure 15b below.. The puzzling color of polymeric
sulfur,58 and its significance for the elucidation of the structure
will be discussed later.

Another interesting,;unSOIVed structural probiem regards the

-structure of S, and Ss.' As mentioned, normal bond geometry prevents

formation of an unstrained S4 ring. However, for this molecule,
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several other structures are feasiblea Figure 7 Shows Six ﬁbésible .
isomers of S4. Extended Huckel calculations38 baSedbon_speétroscopic
atomic paramete‘rs,31 suggeéf that the ++ conformation and_the branched
D3h form have comparabig stability. All otﬁers, including the planar
ring, are calculated to be significantly 1e$s stable; It will be shown
later that exéerimeﬁtal evidencegis insufficient to.determinevthe-
structure of-S4, even though thermodynaniic.s1 and'§hbﬁoioniza£ionso
evidence seems to favor the ring. The questionvkhether sulfur fbrms
branched molecules has been iaised,periodically, but has always been
rejected, largely by analogy with experimental eyidence regarding_
“larger molecules. waever, the idéa:of a branched 54 struéturevié not
as far fetched as it might seem for longer chaiﬁs, becaus¢‘S4 is iso- .
valent with S0;. -The calculated electronic charge;_indicétéd on the
terminal atoms in all moleculeé in Figure 7, appears also reasonaﬁlé;
2':'Lon, oﬁserved by Gilléspié,64'has quite

It should be noted that the sz

a different electron configuration.thanls4. It probably has a pianar ring

+2
structure,65 analogous to that observed for Se ~. .

Sg occurs in the gas phase, and'iﬁ the liquid. Table V shows that

a non-s§ﬁmetriq ring would be highly stressed. ‘A planar ring would
require a quite unnatural bond angle of 75°. Thermodynamic reasoning
seems to_favorvss as a ringzin the solid, aé-a diradical chain in-the
1iquid,1; and as a riﬁg in the vapor. Maybe a strucfural elu;idation
of S4N_; which is isoelectronic with-ss; will Bring further infotmation. 

~ Table VI lists all species Which have been observed. If one B P
considers the polymeric chains, with an average number of atohs of upv3

to 106, several million different sulfur molecules exist.  According to
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Table VI

Summary of Observed SulfurvSpecies

Molecule Ring? Chaina) Ion
: +2 -1 -2
— : S N ~mmé.ﬂ s ,._;;“'
2 g ? c c
3 l, g ? c c
1 | (&) 1, r
5 (s), (g8) 1, e
6 s,(1),g ,.- (r) . c
7 s,(1),g - " o o
8 . s, 1,.8 | | - - _'r c
9 s,(1),g - ' . v f  c
10 - s,(1),g - e
11 s,(1),g i— - N | c
12. s, 1, g - | ' : v é‘
B : B ' . : ' c
18 : s - - r c
- - - | .c
'v.20 s - ¢
I B _ - o c
- (s),() (21 o
a) () Indicates that the structure is uncertaln, 5, 1, g lndlcate

b)

solid, liquid and gas phase.
All ions occur in solution; ¢ indicates chain, r 1nd1cates rlngs
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their properties they can be assigned to one of four groups: All_
observed rings containing up to 20 atoms caﬁ now be isolaté& és pure
solids. Small molecules occur as part of the vapor,‘ Large, polYmeric’
molecuies occur boﬁh in the solid and liquid.phase, while ions are
formed only in;ionic soiution. Each group will be discussed in

connection with the phase in which it normally exists.

D. Bond Energy and Spectra
The thermochemical bond strength and the bond dissociation énergy _

54,66,67

have been measured for many sulfur compounds. However, until

recently, little was known about the data for various allotropés:

The average bond energy67’68 of the S-S bond is about 63 kcal/méle.

18,69,70, %23 is about 33 kcal/mole. The bond

. The dissociation energy
energies of the gaseous sulfur molecules, believed to be rings,'werefv
calculated by'Berkowitz12 from expefimental data.':Muller43 used a
three dimensional electron free model to éompute bond energies‘in the
corresponding rings and chains. Such calculations do not yet yie1dv
reliable absolute values, but their trends are quite reliable and
indiqatq_that, except for Sz» rings are indeed more stable than the
chains. | |

The trend in bond energieé and dissociation energies for.poly—
sulfides with different terminal groups‘have been reviewei?’66 The
activation energies for various reactions of the S%S bond are deduced.
from thermal equilibria.71 This can be dangeroﬁS'in the'caserof sulfur,

as tracés»of impurities can totally alter process,56 such as bond

dissociation, by inducing ionic processes which proceed far quicker and
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by a different mechanism than the homolytic scission. Anothér problem
is. caused by the photosensitivity55 of the sulfur bohd, which is noi
yet satiéfactorily explained. Since reliablé methods for thétprepara-
‘tion of pure sulfur ailotrope$ have-become a§ailab1e;v#ccuraté thermo-
chemical data can be expected within the next few years. -

The strength of S-S bonding is reflected in-the'bond‘distance,
shown in Table III. The Raman and IR frequencies also proﬁide'vaiuable
information. - Table VII lists the stretchihg frequency, Vi fof niné
elemental'sulfur molecules, for which an assignment seems reliable.
Except for S4, for which the assignment i; not reliable, and for which
a branched structure is possible, the trend_follows that expected for

a homologue series. The High value of S, is clearly due to the bond

7

strain, discussed above. These spectra will be.discussed in connection

with the individual allotropes. Evaluation of x-ray spectra in terms of

S-S bonds has been performed by Whitehead,72 énd Narkuts.73



Table VII

vy of 10 Sulfur Allotrdpes .

Species v () Tom.  Reference
) IR I

S, - 718 (g) 880 - ’Barro>w206>‘ |

| SSII 590 (m) | 650 M(-zyer199 |
s, 668 (m) 20 Meyert?9,200
S 584 300 - G.illespive64’65
Sx : 559 (g) 880 Barrow:m6
Sg 471 (s) 00 Berkowitz!
S, 481 (s) - 300 ' Rogstadt103
S 475 (s) 50 cautiort!!
515 | 459 (5) 200_' Steudelmo
S, 456 (1) 400 ‘ Ozinmg'

(s) 300 Wardm2 _
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I11I. Solid Sulfur

A. General
~ The stable STP form of sulfur is orthorhombic u-sulfur>consisting
of cycloocta-S molecules. At 95.3°C a-sulfur converts into monoclinic
f-sulfur, which melts at 119;6°C. Other allotropes of cycloocta-sulfur
can be obtained from solutions. Of these,/onlyvmoncclinic y-sulfur is

well characterized. Other well established solid allotropes containing

cyclohexa-S, cyclododeca-S and other sulfur rings have been prepared by

reaction of sulfurvcompounds,i'Anbther class of allotropes, made by
decomposition of sulfur compounds in aqueous solution or by quenching
hot liquid or gaseous sulfur, compriseé insoluble and other types of
sulfurs. All contain long helices of polymeric, whichvare easily
prepared, much used ‘commercially, and have well knoﬁn bulk properties,
but their structure is incompletely characterized, as it contains
‘helices mixed with other molecular species. The.best identified form
~ is fibrous sﬁlfur, which is identical with one of the many high pressure
allotropes which have been reported. o

A1}l these allotropes will be discussed in the followihg sections
which are‘orgaﬁized according to the molecular species of which the
solid is composed. The thermal data74 for the conversion of various
forms is given in Table VIiI. The transition a(s) - B8(s) is well
established by éxperiment. The heat of sublimation of cycloocta-s
allotropes, and of cyclohexa-S has been calculated and éeems reliablé;
The fusion and freezing of sulfur are far more controvefsial and are
separately reviewed in Table VIII and discussed in the section on

liquid sulfur, as is ring scission and polymerization.

\ < 8 5\"»—-

R S



Transition
o, B

Sublimation: o

Fusion: a

A,

Polymerization

Vaporization

Thérmal, Data for Phase Transitions

Process or
Reaction

a-84(s) > 8-5,(s)

05508+ oyeto-5, 0
B-Sg(s) * cyclo-54(g)
e-Sg(s) ~ cyc16~56(g)
a-sa(s) > cyclo-SS(l).

6-58[5)-+ cyclo-SS(l)

cyclo-Sg(l)?+ catena-Sa(lj

| cateha-SS(l) + cyclo—sa(l)

- catena—S8(1)

'S, (1) > S;(g)

= 444,6749C

Table VIII

Temperature

k)

368.46 + 0.1

368.5
368.5
300
Sss(b)
392.9 ()

432

442.8

717.824(®)

AR

0.096
2.981
2.883

4.02

0.507

0.3842

4.1(®

0.396(% -

2.5

AS

(kcal/g-atomfa) (cal/deg-g-atom)

0.261
8.17

7.93

8.38

0.75.

2.88

0.58

3.5

Reference

119,128

172

'52,119,122,172
173,174

71,193

10

-6

(a) 1 g-atom of sulfur = 32,066 g; (b) see also Table XIV; (c) K = (m/(A) = 1.137 x 104 exp(-iéSZO/T);»

(d) K3 = (w)/(r2) = 10 43 exp(-1596/T); see ref. 10
~point on the International Practical Temperature Scale, ref. 201.

; (e) sulfur is a secondary temperature reference

R
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The specific heat values of elemental sulfur listed in Table IX are ?;%iz 33%
close to’those observéd by West,74 except for s-sulfur,75 for.which e
some data hés recently become avaiiable. |

_The thermal conductivity of sulfur?6 d;creases from ll-watﬁlﬁ-dgg
at 4.2°K to 0.29 watt/mudeg.at 0°c. At 100°%C it is 0.15 watt/m-deg.
Sulfur ranks with mica and wood among the Best therﬁalbinsulators.
Recent data hés been reviewed by Mogilevskii.77 Mechanicalvproperties

| 78 . ' ‘

of solid allotropes have been reviewed by Dale.

The vapor pressure74 of sulfur is listed in Table X. The high 5 ‘Théﬁg_tz:

temperature and high pressure data will be discussed in the section

- on sulfur vapor.

B. Allotropes of_Cyélic Molecules

Rings of the formula Sn’ 6<n<24, are expected to occur in equilib-
rium with chains in liquid sulfur near the melting point, as part of
the fraction called w-sulfur. The smaller rings have been found in a
masspectrometer in the vapor.12 These pure solid allotfopes are not
very stable, as some contain very strained bonds. |

During the last 10 years, Schmidt9 and his grdup obtained 7 new
metastable allotropes by coupling two compounds with the correct
combined number of sulfur atoms.and_the appropriate, reactive terminal

group. S for example, is best prepared from reaction of a sulfane

122

with n sulfur atoms, and a chlorosulfane with 12-n atoms:7g

HZSn +

With this reaction, S

S(12.myClz > Spp + 2HCL,
S

518 and S, can be prepared.' The

6> S10°

12° 20

molecules S.; S Sip @nd Sy, are best prepared by:

9’ 0 11
(C5H5)2T1$5 + SxCl2 > Sx+5 + (C5H5)2T1C12.

7’
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Table IX

Specific Heat of Elemental Sulfur (Cal/g-atom)a'

T(OK) Sulfur Species

a-S(s) B-S(s) Liquid Vapor

10 0.103
15 0.348
20 0.608
25 0.868
40  1.465
50 1.795
60 2,001
00 3.090v 3.100
150 4.000  4.100
200 - 4.650 4.798
298.15 5.43  5.649  5.659
368.54  5.778  5.913 7.579°
388.36 6.053  7.579  5.569
400 » 7.712
420 ' 8.190
433 - 11.930
440 | 10.800
460 9.925
717.75 7.694 . 5.252

1000 | - 5.137 B

a) Ref. 74; b) ref. 75; c) ref. 176 gives a different value.
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" Table X

Vapor Pressure of Elemental Sulfur

P ) P )
(Torr) °c) (atm) o)
107> 39.0 1 444.61
-4 :
107 58.8 2 495
-3 o
1077 81.1 s . 574
-2 - -
10 106.9 10 644
-1 . )

10 141 20 721
1 186 40 . 800
10 244.9 50 833
100 328 100 936

760 444.61 200 1035

a) After West and Menzies,56

b) rounded average values after Baker, and Rau?6,202,203
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The titanium dipyélopentadienyl pentasulfide was synthesized by -
def,82 using procedures analogous‘to those employed by Hoffmann’83 who

in 1903 prepared (NH4)2PtS é, which is now known to contain three SS

1
chains forming six membered rings with the central platinum ion_.84 A
similar compound of molybdenum85 contains four sulfur atoms in a five

-membered ring; (C5H5)2M084. | |

1) Sc, Cyclopentasulfur. Pure Ss has not yet been synthesized, '
but Schmidt52 proposed the following synthesis of cyclopenta-S: |
(C5H5)2M084 + SCIZ'* SS +»(C5H5)240C12.

Schmidt reports that this allotrope is liquid and polymerizes in day-

light. It has been explainediabove that S. is expected to be very

5
unstable, because of its unfavorable.bonq geometry: The strain in
cyclopenta-S becomes. evident from the separation_dfvs.sg A between”the
terminal atoms47 in the curled chain, Table V. Semiempirical calcula-
tiOn538 indicate.thatAthe chain isomer would bebthermodyﬁamically:most

‘stable. The photoionization energy50 of Ss'is 8.60 eV.

2) ‘56’ Cyclohexasulfur. Cyclohexasulfﬁr was firsf prepared bj
Engelsélby the reaction of concentrated hydrochloric acid with a
satura%ed solution of thiosulfate at 0°C. Aten87 identifiéd thé
‘rhombohedral crystals, andvproposed their presence.in liquid sulfur.

Kellas88 believed that S, formed the liquid constituent responsible

6

for polymerization. However, most chemists ignored the existence of
cyclohexa-S, until Frondel and Whltfleld,sg Donnay and»Donohuego'proved

the structure. The molecule has the chair form, shown in Figure S5a.

—— 'y
X1

labte }

The bond length and bond angle are comparable to those of S but the

8’

torsion angle is smaller than that of ény other known allotrope, Table XI: .

—
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Table XI

Structural Parameters of Sulfur Molecules

Molecule Bond length (A) Bondvangle (deg.) Torsion angle (deg.) . Reference

s, 1.889 » I 29

S 2.057 1002 - CTes 7, 102
S5 - 2.060  108.0 0.7 | 198.3 7

S;, - 2.053 1065 1.4 ' '85.1 .:',.. 137
514 2.059 106.3 _ 8.4 141
S50 C2.047 106.5 . 83.0 . | 141 f'
s, ’ 2.066 e s 146
S;Z ion 2.04 102 (93) | S 10s J
540 | 2.04; 2.20 .106 o ‘ | 106

A
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i

2.057

A o
S-S bond length; d 0.018 A

1.6° -

102.2

S$-5-S bond angle
$-S-S-S torsion angle = 74.5 T a.5°
- The IR and Raman spectrum of S Haé been recorded by Berkowitz,
.Chupka and Bromeis91 and Nimon.92 The frequency and their assignment
are listed in Table XII. Cyving3 reported mean amplitudes at 0°K and
300°K, and a normal coordinate analysis. The uv spectrum has been
'published by Bartlett94 and Oommen.63 | | ‘
36 occurs in the equilibrium liqu:i.d,95 and in equilibrium vapor,12 '
IWhere it is beliéved to occur as a ring. The thermodynamic properties
‘have been calculated with a semi-empirical thedry by Miiler and Cusachsf6
and by Spitzer,38 who also célculated transition ene;gies and charge
distribution for the catenahexa-S. - In sunlight S6"decovmposes97 forming‘
and some S..,. It reacts -104 times faster with nucleophilic agents.98

8’ 12
The best method to prepare 86 was discovered by Wilhelm.79’99'

S

Dilute solutions of the folidwing dichlorodisulfane and tetrasulfane in
ether are combined to form cyclohexa-S in 87% yield:

HZS + S,Cl1_ » S6 + HC1

47 P2¥02
The orangé-red solid can be'purified by recrystalization from tolu-
100 | '

.

ene or CSZ' The solubility has been measured in C82 and benzene. The

rhombohedral crystals have a~density of 2.209.g/cm3, This is the
. .

6
are very efficiently packed7 in the unit cell; which has the space group

2
3i°

highest density of any sulfur form. Obviously, the 18 molecules of S

R3 - C ‘'The lattice constants are:.



+2
S4
(planar)
Alg \)1 =
Blg VZ =
I:u v3 =
Bzg v4 =

Ref: 64, 65

(a) R = Raman active, I = inactive, and IR =

548

530

460

330

- Table XII

Observed Infrared and Raman Frequencies of 4 Sulfur Allotropés (cm'l)

26

(8 fundamentals)

A v, = 471

1g 1 V2
Alu. ‘vs = 390
A2u_' vy = 313
Eu Ve = 463 Vg = 180
E, Vg = 448 vy = 202

Ref: 91-93

= 262 v, = 481 v

S,

tls fundamentals)

| [

1 2
Vg = 397
f v4'= 274
i vg = 516 v = 180
vg = 145
'§ “16; 356‘v11= 274
| Ref: 103

infrared active.

236

¢
t
i
i
{
t
{

" V10

0
Sq (30" K)

475 v

i

<
[}

2

411

v, = 243

v. =471 v, = 191

= 475 v, = 152

v, = 86

= 437 v11= 248

Ref: 107-115, 121

218

? (11 fundamentals) designa-

tion

1

(a)

R v

IR

IR

| S
{ (20 fund

v. = 465

425

<
]

Ref: 140

= 459

12 :

amentals)
Vg = 266
vg. 62

_ZS—
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=33~
a = 10.818 A
b = 4.280 A
- ¢/a = 0.3956

The structure of all solid allotropes is summarized in Table XIII.  §¥%

9,52

The crystals decompose at so°c} but in a high vacuum, for example

. 12 . : . . s R
in a masspectrometer, cyclohexa-S molecules vaporize without dissocia-

tion. The photoionization energy50 of‘S6 is 10.2 eV.

3) S7, Cyclohepta-S. This allotrope is formed by reaction of

(C5H5)2T1$5 + SZCIZ' 2 o |
., molecule has the structure shown in Figure 5b. The identity was

7
confirmed by Zahofszky.lo1

S7 + (C5H5)2T1C1
The S
Not all sulfur atoms are equivalent. The

102 - 103 . co e '
X-ray structure and the IR spectrum confirm this fact. The -
frequencies of the IR spectrum in solution, and the Raman spectrum of
the solid in solutions, are listed in Table XII. . Fifteen fundamentalsv‘
are expected.

The light yellow needles have a density of d = 2.090 g/cms. " The

lattice constants are:102
. a=21.77 A
b = 20.97 A

c = 6.09 A

The space group of this allotrope, which.decemposes9 at 39°C, is
not yet known. Sixteen molecules, i.e. 122 atoms, occupy the unit cell.
Semiempirical Huckel calculations38 for S7 chains, but not for

rings, are available. Tihe photoionization energy50 is 8.67 eV.




~Molecule

Space
group

Ccm21-L2V

Unit

'cellca)

3-18 .

16-112
16-128
6-48
4-32
2-24
4-72
4-80

160 (P

10.818
21.77

10.4646

10.778

8.442

4.730

- 21.152

 18.580

13.8

Table XIII

b

c/a=0.3956

20.97

12.8660

10.844

13.025

9.104

11.441
13.181

4x8.10

Structure of Solid Allotropes

Cc

4.280

6.09
24.4860
10.924

9.356
14.574
7.581
,'is.soo

19.25

B (deg.) .

Densit

Color

yellow

yellow

yellow
light-yellow
palefyelldw

lemon-yellow

~ pale-yellow

yellow

(a) First number = number of molecules in unit-cell, second number = number of atoms.

(b) 10 atoms for 3 turns.

gm/cm

2.090

Melting
pt. ox
decomp.C%DA

orange-red 2.209  50-60

39

2.069 94(112)

1.94
2.19

2.036

2.090
2.016 124-125

2.01

133

~20

148

128

104

Reference

90

102

116,117,118

126

131,132

137

141
141

146,149

.......
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4) Allotropes of Cycloocta-s8. Cycloocta-~S has the crown shdpg
shown in Figure 4a. The symmetfy is Dyys or Dyp - The ;tructufe_is
well established:7 | .
S-S bond length, d = 2.060 ﬁ 0.003 A
- S—S-S bond angle‘=vv 108;0 pA 0.7°A’

$-$-S-S torsion angle = 98.3 © 2.1°
The molecule occurs in the solid, liquid and gas phase. - The S8

is fhe most stable configuration at STP. The stability is‘probébly due

to cross-ring resonance. Baur104 suggested that a chair configuration

+2 105
8

‘diagonal suifur atoms lie in planes above, and below the

might exist in liquid sulfur. S_.” has such a chair configuration.

In S4N4

nitrogen atoms,8 while S4(CH2)2 has the 88 crown structure. Similar

106 ~ :
structure has been found by Steudel for SSO’ by Cooper for mixed

bnSeS_n rings, and by Weiss for_S7TeC12.

Above 150°C substantial ring scission is observed. The bond

dissociation energy6 is estimated to be about 33 kcal/mole. The

molecule is sensitive to visible ligh‘t.55 The photoionization energy50

is 9.04 eV. It is not certain whether this is due to the absoxption

63

edge ~ at 280 nm, or whether S, has a weak triplet absorptioniin the

8
green. The electronic energy levels have been computed and discussed by

42

Palma, Clark,41 Miller-® and Spitzer.38 Gibbons40 discussed the

energy levels of S, in the solid phase. The other properties of'S8 are

8
well reviewed,7 except for recent Raman work. Since the review of

107 8 109 11

Strauss; Ward,10 Ozin, Anderson,110 Gautier111 and Zallen 2 have

studied 88 in solution and in single crystals. They confirmed the
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assignment of the 11 modes by scott.!® A normal coéfdinatevahalysis
has been performed by Cyvin,114 and mean square amplitudes have been
recalculated by Vénkateswarlﬁ%ls The Raman and IR spectral déta is
‘summarized in Table XII.
Cycloocté—s can crystalli;e in sevefal different lattices; the
structure 6f three solid alloﬂropes is now we11 estab1i$hed.'
a)' Orthorhombiccx?sulfur;d-Sulfuf is the‘STP'form of cycld-

116 has reported very éccurate structure parameters.7

octa-S. Abrahams
Caron and Donohue117 established the stacking of molecules, and Pawley
+ and Rinaldi118 confirmed this data, confirmed the structure, and .

measured the intermolecular distances. The molecular packing is

complex.117. Figure 8a shows a projection perpendicular to the mean ey

plane of half of the molecules.  This figure shows the ''crankshaft" .
stru‘cture117 of this allotrope, which is still erroneously assumed by

many to contain coaxually stacked rings. The lattice constants are:

a = 10.4646 A
b = 12.8660 A
= 24.4860 A

Cc

. : :
The space group is Fddd-D24 the unit cell contains 16 molecules, i.e.

2h?
128 atoms, and the density is 2.069 g/cms_

The crystal growth of a-sulfur has been éarefully studied byb
Thackray119 and Hampton.lzo- Almost perfect singlé crystals with only
_very few_dislocations can be grown from csé; howéver, such crfétals'

contain traces of CS,, which has an IR frequency at 658 en”} which has

long been mistaken for a fundamenta11210f§;ﬁ Single.crystals of a-sulfur
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do not easily convert to monoclinic sulfur. Instead, they melt at

112°C, Table XIV. IR and Raman spectra of a-sul fur have recehtly beeni"T;L%-Egﬁl
.recorded by Ward,lo8 Ozin109 aﬁd Andersonllo..-The'data is summarized

.in Table XII. vGautierlll obser&ed‘crystals at'SOoK, and re?orfé a

large number of lattice requencies whichvére well resolved at the low
temperat&re. Ward108 publiShed crystal splitting effects. Theb

electronic spectrum of solid 38 has been disépssed‘by Spitzer38 and
Gibbons.40' The latter-conéludes that‘eiectric.conductivity of a-S‘is
‘ due to>two contributions: a) to hole mobility, which Eas a Qalﬁé of

about.lo cmz/V-sec, and exhiBitsva negative temperature COefficiént,

and b) due to electron transport in thebeléctronic band, Figure 1, whiéh
he believes is narrow enough for strong vibrational interaction. This = ¢
contributes approximately 10—4 ?mz/v-sec to the coﬁductivity, Gibbons
. gives a site jump probabiliiy of log/éec, which would indicate'that

electrons are located on én individuél molecule fdr severél viﬁratiqns,

i.e. that ions cﬁn be formed. Self diffusion rate in a-crystals was
méasured by Hampton and Sherwood.120 The electric ’cénductivity123 was
The'thermal éonductivity’0 of a-sulfur is 11 Watts/m-deg at:4.2°K,

0.29 W}m'deg at OOC, and 0.15 at 95°C. The sﬁecific heat of'a-sulfur

is summarizéd in Table IX; the heat of transition iﬁ Table VIII.

b) Monoclinic é-sulfur. The structure of B-sulfur was

determined by Trillat and Forestier,125 Burwell126 and Sands.127 ‘The

5
2n

the unit cell. A view of the lattice élong the b-axis isshown in

space group is le/a -C Six SS molecules, i.e. 48 atoms, occupy

ol

Figure 8b. The lattice constants are: ' o e -
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- Table XIV
Melting Point of Allotropes

Allotrope mp C’C) Remarks } Referencé
a - S 112.8 : single’cfyétai-. ' Cﬁrielllzz
115.11 ‘micro crystal .. Thackray119
B.f S 114.6 ”nétufai" _ .‘ | Gernez172
119.6  "ideal" & obsv. - Currell122 Feher}74
‘Pacorl’3
1120.4 micro crystal Thackrayllg_
133 "ideal" calc. Schmidt>2 |
Yy-$§ 106.8 classic ' Meyers’6
108~ optical, DTA ‘Millert28
108.6 -ﬁicro crystal - | Thackré ;}9'_
§ -8 106.0 micro crystal | ' Thaékra 119 - 
® -5 77;90;160  opt. ,TDA, DTA Miller'?®
| 104 .  , A Currell122
s, 75 optical  Miller!28
104 classic - - GmelinS
| S6 . (50 - ) decomposition Schmidt52’86
s, (39 - ) X Schmidt>2:82
Sy, 148 S o Schmidt52’135‘137_
S 128 o - Y'Schmidt-l‘u
141

S 124 " ' Schmidt
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a = 10.778 A
b = 10.844 A
c = 10.924 A
g = 95.8°

119 14 neits at 119.6°C.

23 and by Cuffell.lzz

B-sulfur forms at 94.4°C from a-sulfur.
A thermal analysis has been conducted by Miller,1

Er‘almetsﬁl2

9 described forma%ion from the melt; 'Thackrayllg the melting
of ihe‘solid. Thermal data‘for transitions are in Table ViII. {The
density7'i5'{.94 g/cms, i.e. about 12% sméller than fhat of a—sﬁlfur.

There has been some controvery about a.pﬁasektransitidn at‘101°C,
but this effect was caused by.evapgration'of‘water traces. Reééntly; '
new Cp ?alues have been reported by Montgomery,75 who reports an
anomaly at 186°K. The IR spectrum.of B—monoClinic sulfur has been =
described by Strauss}07

" ¢) y-Monoclinic sulfur. The structure of y-sulfur, first

131

- described by Muthmannlso in 1890, has been determined by Watanabe,

1974, who confirmed the "'sheared penny roll" stacking, proposed by

de Haan,132 Figure 8c. This allotrope can be obtained from solutions of
- B . T

cycloocta-S, and from its melt, but the best wéy to prepare tﬁe light"
yellow y-neédles, which slowly decompose at room-temperéture, is to
treat cuprous éthylxanthaté.with pyridine.131 y-Sulfur crystallizes
from the brown decomposition product iﬁ large needles. The lattice

constants are:

a = 8.442 A
b = 13.025 A
¢ = 9.356 A
g = 124° 98’



CO0O U430y 3 5 s 4
-40-

The space group is P2/c. Some confusion about the structure has
been ;aused by difference choices of axes. The conversion of coordi-
nates has been reviewed by Donohue.7 Four Sskmolecules occupy one unit
cell. The density of this allotrope is 2.19 g/cms, i.e.»higher than a
or B-éulfur. ‘ ' | |

d) Other allotropes ofACyéloo¢tafsulfUr. During the last
hundred years ébout two dozen allotropes céntaining cyclo-S8 havé been -
described.6 Some of thesevare listed_in.Table I. It.is Qoubtful whether
anY ' structures other than a, B and y-sulfur are :éasonably stable.
Instead, ﬁost of the other Greek letter allotropes are probably mixtures
of a-éulfur, B-sulfur or y-sulfur, or constitute merely unusual crystal
forms. As little progress has been made7 inideveloping reliable '
preparation methods, no new information has become évailable'since the

vlast-review. Thus, we can omit discussion of the confusihg list of -
species, and refer.fér.details to earliér reviews.%15
5) Sg, Cycloeﬁﬁea-S.V'Schmidt and.Wilhelm133 érepéréd déepnyéllow

_Yneedlesvof cyclo-S, by the reaction of |

9

. (C5H5)2T185'+ S4C12-% (C5H5)2T1C12

The structure of this compound has not yet been published. Thermo-

+ Sg‘

’

dynamic considerations5 indicate that this ring molecule also occurs

in the vapor. The photoionization energyso of Sy is not published.
6) SlO’

solids containing S

CyclodecaQS. Schmidt and Wilhelm99 prepared yellow-green

10 rings by the reaction of'chlofosulfane with

sulfanes. S,  is separated from's6 by recrystallization, as their

10
solubilities differ substantially..loo A far better yield of 35% can
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be obtained bv the following reactibns81 to be conducted at -78°C:

(C5H5)2T1S + 2802C12 -+ S

10 * 250, + (CgHQ),TiCL,.

101a

5

The structure has not yet been published, and the masspectrum
indicated limited stability. The solid must be stored at -40 C.
11’

by the reaction:

7) S Cycloundeca-S. Schmidt and Wilhelm'>? prepared‘cyclo-s11

(CSH5)2T185 + S Cl2 - S, + (CSHS)ZTlClz.

6 11
Details of the properties and structure have not yet been published.

'8) S,,, Cyclododeca-S. In 1966 Schmidt and Wiihe1m52*1§2 érepared
512 by the reaction.of sulfanes and chlorosulfane df p;oper'thain
length: |

| HZS4 + SZCI2 -> 86‘+ S12 + ZHCI
H288'+ S4CL, + 51, + 2Hc;

The first reaction135 yields 3%'512, the second,136 discovered later,

has a yield of 18%. The reaction is conducted in a dilute solution of

~ ether, and the reagents are slowly and simultaneously added. In this

way, the reagents have time to react, by fotming an intermediate chain,

H-S---SX-S-CI

.

~.and can complete ring closure before reaction with further reagents

occurs. The principle of this synthesis is as Beautif@llas it is
simple. Schmidt and Wilhelm have since prepared 8 other new rings?
with similar methodé. A summary of théir_preparation mgthods is given
in Table XV. |

The 812 molecule has the strﬁcture137 shown in Figure 4b in Dsd’

but in the solid it is slightly distorted to C, The bond properties

h

are:
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Table XV

o

Preparation Methods for Metastable Allotropes

11

12

18

20

b)

Reagents

(CSH 2

.
5)z.ioS4 +.SC1

HSZO3 + HC1

SZCl2 +vH284

(CSHS)ZTls5 + SZCl2

Cusscoczn

gt pyridine

+ S,Cl1

(CgHg) ,TiSg + 5,Cl,

HyS¢ + S,CL,

(CSHS)ZTJ.SS + 80O

1,

672

(CSHS)ZTlsS + S _Cl, . ”

HZSS + S4C12

HZS8 +_SlOC12

HZSIO + SlOC12

Schmidt

Reference

82
- Schmidt

86
Engel

4,99
Schmidt7

© Schmidt82,85

131
Watanabe .

133,134
Schmidt -

74

Schmidt

138

Schmidt ’
13

Schmidt 8

135,136

Schmidt141

Schmidt141
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S-S bond length, d =  2.053 - 0.007 A
S-S-S bond angle =  106.5 I 1.4°

$-5-S-S torsion angle = 8€.1 - 5.5
8 and £ibrous S, i.e.

the unperfuibed bond value. As discussed above, this fit;Pauling's46

These values are very similar to those for S

'preduction for the bond value of sulfur species, even though he did not

properly analyze all possible conformations of SiZ’ and rejected.this ,

~molecule from the list of metastable allotropes. However, experiments

show that 812 is more stable than S6: It is formed in liquid sulfur,52

and forms as a decomposition product of S, in toluene upon irradiation

with light.g The solubility of Sl2 in s, and benzene has been _
38 139

discussed by Schmidt.1 The masspectrum was studied by Buchler.
Solid §;, melts at 148°C. The lattice constants were determined bjzé
Hellner and Kutoglu.137 _ |
Ca=4.730 A
b =9.104 A
¢ = 14.7574 A

The space group is anm—Déﬁ. The unit cell contains 2 molecules,

i.e. 24 atoms. This allotrope has a density of 2.036 g/cms. Mixed

1201 have a very similar structure. 'The Raman and IR

spectrum was studied bvatéude1,14O who tentativeiy asSigned 6 of the

crystals ofvSﬁSg

20 fundamentals.

9) Sig» Cyclooctadeca-S. S, has been prepared from sulfane and

chlorosulfane mixtures141 of the average'formulé:

HySg + 8, Cl, > S o + 2HCL.

The starting materials cannot be made in pure form, but are synthesized
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from shorter sulfanes to prevent formation of the more stable 512,~and
other allotropes. Figure 5 shows a projection of the.cyclo-Si8

molecule. This lemon colored allotrope forms in a mixture with cyclo-

VSZO’ and must be separated by recrystallization. The solubility of Sis

in C52 is 240.mg/100 ml at 20°C.. This unexpéétedly stablé allotrope
melts at 128°C, and can be stored in the dark for several days, without
a noticeable change in the x-ray diffractioh pattern. Thé'bond>
142,143 ___ | | |

S-S bond ler.l.gth, d=  2.059 A

S-S-S bond angle = 106.3°

5-5-5-S torsion angle = 84.4°
The bond properties are 1ntermed1ate to those of Se and 88’ and

similar to those of fibrous sulfur he11ces, given in Table XI The ..

lattice constant5142 are:
a= 21.152 A
b = 11.441 A
= 7.581 A

c
Four molecules, i.e. 72 atoms, form a unit cell. The space group

is P2 2 2 and the density is 2.090 g/cmz.

171
s ... 141,143 . .
10) SZO’ Cycloicosa~S. Schmidt prepared 520 by combination

of carefully prepared intermediates:

2t
H2510 + SlOC12 -+ S + 2HC1.

20 melts at 124°C, but already decomposes in solution at 35°C. The
: 3

pale yéllow crystals have a density of d = 2.016 g/cms. The structure

S

of the molecule, Figure 5, provides for 4 atoms each in a'plane. The

bond values142 are:
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The polycatena molecule forms long heliées.

containing more or less well defined concentrations of helices, cyclo-§
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S-S bond length, d = - 2.047 A

§-5-S bond angle = 106.5°

S-5-5-S torsion angle = 83°
similar to fhoSe of 812, Sls'and fibroﬁs sulfur; The'lattiée paraméters
are: | |

a = 18.580 A

b = 13.181 A
.4. c =

8.600 A

Four molecules, with'eighty_atoms,.formva-unit cell.

C. Allotropes of Polymeric Sulfur

All of the allotropes described below contain polycatena sulfur.
7,144,145

Figure 3 shows -

" a section of a left and a right hénded.heiix;“ Taree turns of the helix

contain 10 atoms. The bond characteristics’’ 4® are:
S-S bond length, d = 2.066A .
$-5-S bond angle = 106°

S-S8-S-S torsion angle = 85.3°

These values are very close to those in 520, 512, and lie between those.

)

of Sg and S.. It is believed that they represent the unperturbed values
of the S-S bond. o
Solid poiycaténa sulfur comes in many forms.6’7’10’14? It is

present in rubbery sulfur, plasticr(x) sulfur, lamina sulfur, fibrous

(, %, ¢), » n, n, and insoluble w, supersublimation, white and

crystex.6’7’10

All of these forms are metastable mixtures of allotropes

8,



0 0 g0 o4 ;f Jd 25 é# 0

-46-

and-other forms, depending on how they are madé. Their ¢omposition
changes with time.  Unless impurities are bresent, forméfion‘of Ss>séfs
in and conversion to a-S will occur within less than a month. They are
prepared by precipitation of sulfur in solution,'dr by quenching of hqt o
liquid sulfur. In some ailotropes, the helices can be purifiéd by
extraction of the non-polymeric fraction with CSZ or other'solvehts. 
Donohue7 summarized the structural information on the ﬁarious fbrms'
in which the helices are stacked or curled. The best defined forms are

fibrous sulfur, in which helices are mainly parallel because of

stretching during their solidification, and laminar sulfur in which

helices are at least partly criss-crossed in a 'cross-grained" or a -

“plywood" like structure.

1) Fibrous sulfur. The x-ray diffraction of freshly drawn fibrous

147

sulfur” " was first analyzed by Trillat and Forestier in 1931, and by

Meyer and Go in 1934. The data by Donohue,148 Tunistra145 and Geller

indicates that the unit cell contains 160. atoms. The space group is -

Ccm21 - Céi. The structural parametersl46 are:
‘ a=13.8 A
) b = 4x8.10 A
c=9.25A
8 = 85.3°

Geller'svanalysis was conducted on diffraction patterns obtained
with samples prepared at 27 kbar. The density of fibrous sulfur is
d = 2.01 g/cms. Lind and Geller146 believe that their‘preparation of

phase II yields single cxrystals of 17—su1fur. The phase II structure

146 -
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has been indexed by Roof!'49 The thermal expansion coefficient150 of

{ -sulfur is 19 x 10-6.cm/deg along the pitch, 94 x 107° cm/deg along

the a-axis, and 72 x 10_6 cm/deg along the b-axis. Thermal transition,

polarization, dilatometry and other properties have been reported by

Millerl.28

2) Laminar sulfur, first described by_Das%52 seems to be
identical with Geller's phase I, obgained ét_ZSO-SOOOC and 20 kbars,
Figure 9. 1Its structure has been discussed by Donohue.7v The charac-
terization seems still_incomplete; it is very simiiar to, §r possibly.

identical with, insoluble w -sulfur and the'”second fibrous" sulfur of

Tuinstra.145

D. High Pressure Allotropes

Various sulfur allotropes can be obtained by heating sulfur under
| ‘

pressure. Figure 9 shows some of the high pressure effects observed.

3 . L T .
Deaton15 obtained a melting curve which is similar to that of

-

'Vezzoli.1°4 Susse155 obtained a curve similar to that of Sklar.136.

Ward and Deaton157 published another melting curve which matches that

58

of Paukgv.l_' Baak's159 melting curve is also shown in Figure 9, but

his cubic phase is not indicated, as it has not yet been confirmed.
' 148

llowever, Figure 9 shows the p, T zones from which laminar sulfur and

fibrous sulfur149 have been quenched. The plastic sulfur zone‘of 
Sklar156 agrees well with Geller's observations. TOnkovlél'ﬁeasured
the molar volume of liquid sulfur under pressuig, BrBllos and Schneider
report the optical properties of sulfur under pressure, and Kuballa and

Schneiderl63 report a differential thermal analysis of sulfur under

162

N2

P
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pressure. - Block and Piermarini's experiments164 explain the divergent
observations reported for pressures abéve 24 kbar; and'tempéréturés
above 250°C. They waited at this point for three dayé without Ob;

" serving equilibrium, and‘éxplain this effect by slow kinetics; and the .
poor thermal éonduétivity?6 No wonder.that'authors ﬁsing differéht
equipment and differenf P> T cycling techniques.bbserve dozens of

- different phases! The best eStablished high pfessureAforms are phase I
and phase II of Geller.146 In contrast, metalliéigulfur.has not been |

60

reproducéd.1 It.is likely that some of the twelve phases of

. 154 s .l . - ;
Vezzoli contain interesting new structures.

E. Low Temperature Solids

Cyclo—S7, Sg,_énd S10 must be stored below room temperature.g’sz-
At -78°C and below quickly quenched hot liquid sulfur or hot sulfur ~
vapor contains a variety of colored metastable solids.63’165_ IR and

uv spectra have shéwn that these solids contain SS’ 84 and other allo- |
‘tropes. In the next section it will be shown that these quenched phases
have been repeatedly used to determine thé composition of hot sulfur,
and the’?bfraction. However; great experimental care must be taken,iif
a significant ftaction of the high temperature species i§ to be trépped,A-
because these particles.recqmbine quickly, and because sulfur is such a‘.
poor thermal conductor76 that heat exchange is slow. Most molecules

166 . '
i.e. recom-

formed in trapped or quenched solids are intermediates,
-bination pfoducts. The properties of these are discussed in the next
two sections together with those of the starting material. The absorp-

tion spectra of various molecules in frozen low temperature solution or



¢ Cy [ ey s | ‘
-49-

rare gas matrices is indicated in Figure 15. S, can Be ?roduced in
rare gas matrices from elemental sulfur vapor tréppe& at ZOOK; or by
vphotolysi%7of 82C12 in matrices. Sz-is besﬁ prepared from the vapdr,f
by combination of atoms with.Sé, or'byvgentle pﬂotolysis of 83C12.inv_
frozen solqtion. S4-can be prepared from 5,Cl,, or'by recombination of
S2 in matrices. S5 has been deposited'in mixtures from vapor, and S6
and Sslcan be studied in:frozen soiutionf Polymeric sulfur can be
quenched as a thin film. Slowly quenched»polymeric sulfur is yellow.
Polymer quickly quenched to 76°K is red, because it contaiﬁé small
molecules which recombine at. -100%C.16° The properties and reaétion of

the species will be discussed in the section on liquid sulfur and sulfur -

vapor, i.e. in the phase in which they are stable.



IvV. Liquid Sulfur

- The appearance, and the molecular composition of liquid éulfuf
i differ in three distinct temperature ranges. These régibns, and thé
effect of high pressure on liquid sulfur wiil be discussed sepafately.

A. The Melt Below 150°C | |

At least nineteen different meltiﬁg points of sulfur havé beén.
published. Table XIV gives a selection of values for the melting ?oints
of B-sulfur which constitutes the thermodynamically stable sblid at the
melting point, and‘fbr other allotropes. The freezing point of sulfur
is influenced by the p, T-history of the melt, and by impurities; As
high purity sulfur was not readily ewailablele8 until 1949, most old
data is unreliable, i.e. the freezing points are too low. |

Small droplets of sulfur éan be supercooled." LaMerlsg kept . .
| particleé with a diameter of 0.2y liquid for up.té'ZO days. Hamada170
observed nucleation of grOplets at -70 to -120°C under a microscope, and

determined a crystallization rate of 1.16 <:m'3~sec'1 171

at -50°C. Bolotov
and others have observed formation of various types of spherulites
during crystallization of molten sulfur. The best'preSent Value-for thé,»‘
meltinéipoint of pure B-sulfur is 119.6°C, but‘Thackray119 observed
melting of microcrystals at 120;4°C, while Schmi%%?zindicates that.the
ideal melting point might be as high as 133°C. The freezing poinf of aﬁ
equilibrated melt is 114.6°C. Tais point has heen called '"natural"
melting point.172 The best value of the heat of melting seems»to>be the
one observed by Pacor,173 and Feher,174 b = 384.2 * 1.9 cél/g at.

at 119.6°C, while the higher values of up to 414.8 © 2.4 cal/g at. are

valid at 114°C in an impure mixture._ The specific heat174_0f the iiquid
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at 120°C is 7.02 cal/g at'deg. Feher also measured the expansion

s s . . A 17 s .
coeff1c1ent}7b the electric conductivity, 6 and the viscosity of. the

melt, as did Bacon and Fanellil68 and Doi.177

Gernezl72 reported in 1876 that the melting point and the freezing

point of sulfur differed. He recognized that this effect was not_fully due

to supercoqling, or to impurities, but to a chemical effeét which could
be iﬁfluenced by annealing the liquid af Variéus temperatures. Atenl78
proposed in 1913 that the freezing temperature was caused byvautodisso-
ciation of sulfur,'forming a new species, n-sulfur,-thevcohcentration

95 argued

of which determined the freezing point depresSion. Krebs
in 1953 in favor of the existence of small rings in liquid sulfur, and

determined the concentration of w-sulfur in liquid sulfur by quickly

" quenching it, extracting ;he solid with CSZ’ and isolating m-sulfur,-

. which precipitates from the extract upon cooling to -78°C. The problem

with this fraction is that it changes its composition for several days.

Furthermore, it is questionable whether quenching of an insulator such

- as sulfur, and extraction of the solid, preserve the composition of the

liquid. Most physical chemists familiar with Pauling's46 paper tended
. .

to distrust explanations based on rings other than S8 or 56’ until

Schmidtg’52 proved that at least seven of these can be prepared, are

12 can be found in all éolidified‘

melts. In 1967 Krebs published another very careful studyg_D on w-sulfur

metastable, and that for example S

-

which he extracted with a mixture of CSz—methanol. In these solvents,

86 has a distribution coefficient of 0.13, while the coefficient for 88

is 0.11. After 700 distribution steps, T-sulfur could be separated into

three fractions, one having a molecular weight of about'Sé, a middle



fraction containing 88, and an average composition of about S9 20 and a

179

heavy fraction in which he suspected Sn rings, with 20<n<33. Wiewiorwski
analyzed the freezing point depression and computed the concentration of
cycloocta-S, and determined for this mdlecule a bond dissociation eﬁergy
of 32.kcal/mole. This value agrees well Qith that éf 32.8 kcal/mole

obtained by Tobolskylo by analysis of the polymerization at higher

temperature. Table XVI shows the freezing point depfession observed,
and the values calculated, by Semlyenlso‘who determined the average
number of atoms per ring with the help of a‘polymer model. The compo-

sition of liquid sulfur, computed by Harrisll’181

from various observed
and estimated thermodynamic data‘isvshown in Figuré 10. o Ty
Baur103 observed an unusual molar polarization effect and ?foposed
a cyclo-S8 witﬁ a chair configurétion as a further’éomponept of the -
liquid. It is now certain that liquid sulfur contains rings other than
88. Whether, énd how much, ca.tena-S8 or other catena—Sx the melt
contains, is not yet established. However, calculations by Miller§6 Cusachs36
“and Spitzer38 show that the acid-base character of rings and chains,
first discussed by Wiewiorowsky,179 is sufficient to cause formation of
cyclo-Sn-cafené—sx-cyclbaSﬁ charge transfer complexes. Such complexes
have been invoked to explain the small éoncentration of ffee spins in
liquid sulfuf, at 150°C. This observation is7dis§us§ed in detail by
Koningébefger.181 |
The melting point'of sulfur is also pressuré-dependent.1§3-16o

Four different melting curves are shown in Figure 9. The different

slopes are probably partly due to different purity of the samples.
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Equilibrated at

0

Table XVI

ay

Freezing Point Depression

T, - T, o ‘Av. no.

(T, ©) calculated observed atoms pef
' ~ring
120 4.6 - 13.8
130 5.7 4.9 - 14.6
140 7.1 5.9 15.7
150 9.1 7.6 - 17.6
a) .See: Feher174
. 11
Harris
. 'Schenk187
_Semlyen180
' 179

Wiewiorowski
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However, the curvesvalso depend on the p, T-history, becaﬁse the
composition of the solid phase changes, due to Ssrring sciséion.followedn}
by formation of helices. This, together'wifh'thé éxtremély_poor thermal -
couductiyity of sulfur, causes very slow solid-liquid transitioh.

Block and Piermarini164‘waited‘at 235°C andVSCvkbar 3 days for equilib- :
rium. It is not surprising that éuthors using different equipmenf B

observe new compositions.

" B. Polymerization at T, = 159.4°C

A v : :
Around 159,4°C almost all properties of liquid sulfur suffer a B
discontinuity. ’Figure}ll shows, for example, the density change.lsz E ERES i

Points close to the transition were observed after 12 hours of equili-
bration. The values were interpreted as due to a logarithmic singu-

; i s 182 o
larity, a cooperative phenomenon, which is very rare. The velocity of

sound,183 polarizability,lgslcompressibility,162 molar polarizatioﬁ;lo3

the electric onductivity,176’183‘135

and many other properties have been
measured ih_the same temperature region.. Howevef, the most striking
effect at this temperature, which is often called lambdé température;

is the sudden change in viscosity. | ‘

EBtV6588 and Kellas88 long ago described thg wellvknown sudden
gelling of thebliQuid, as did Schenk. Hammi'cks and SchenkS detéfmined.
the weight percent of polymer.ll86 ~Bacon and Fanelli168 demonstrated the
influence of impuritieé on the viscosity, and showed how sulfur can Be
purified. J. Schenk187 discussed the viscosity again, as did Doi'.177
Eyring,l_88 Tobolsky and Eisenberg71 developed a poiymgrization‘theory

which quantitatively explains the viscosity’change. It is based on two’

steps:



Cyclo-Sy ¥ Catema-Sg I

Catena-88,+ Cyclo—S8

- This theory has been extensively discussed and thoroughly reviewed.

-+ Catena S8x2 : .II

Various small modifications adapted to this theory allow for rings other
than 58’ and make possible the explanation of other phenomena.
The thermodynamic properties of the polymerization have been exten-

sively researched. The values of AH and S, Table VIII, were determined

1
by Tobolsky. 0,71

and Klement}91 Kuballa163 and Ward192 conducted a differential thermal

191,192

analysis. Ward - and Ozin109 used laser Raman spectroécopy to study" 

the polymerization, which is characterized by intensity change;, and‘
- disappearance, as well as appearance, of bands ét 456, 416 and 273 Cm-l.
Eisenberg189 discussed the mechanism of the polYmefization, comparing a
chain-end interchange mechanism with bond interchange, and concluded |
~ that bond interchange is-important in viscous sulfur. The kinetics of
equilibration have been invesﬁigated by Klement-.193 He deterﬁined rates
at 15 temperatures; and found the correlation shown in Figure 12;
Wigand194 observed as eaily as 1909 that the polymerization eguilibé
rium i; photosensitive. The influence of impurities on the degree of -
'polymefizatiOn was_measured‘by Feher174 for Cl,, Koningsbergérls1 for

[ : ) )
'12, Wiewiorowskylgo for CSZ’ Rubero196 for HZS’ and Ward192 for As.

Six percent of the latter causes sulfur to polymerize at the melting

point. Schmidt showed that 2% S, lowers the polymerization temperature

6
by 10° for over 15 minutes, while (SCHZ)Q’ added at ZOOOC, reduces the

average chain length greatly.

et

181,182,189,190

West and Feher174 measured the specific heat, Table IX,  '
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The effect of pressure on polymerization was reported by'Doi.177

Brbllo162 used the visible absorption edge of liquid sulfur to study the
séme effect. |

The ESR spectrum of liquid'sulfur'ﬁaé first observed by Garqﬁef
and Franckel.197 They found a signal, but it Qas far weaker than
anticipated. It was fifst sugges£ed that this was due’to line broadening
in the hot liquid, but paramagnetic susceptibility heQSurementsvby |
Poulis and Massen183 gave similarly sma}l free spin concentrations.
Koningsberger181 completed a thorough study of the ESR specfra of pure
sulfur, and selenium, and of sulfur doped with IZ' .He.obtained.the‘
free spin coﬁcentrations shown‘in'Figure‘13‘v Koningsberger correlated
the spin concentration with the polymer concentration, which can be

computed from the weight fraction71,183

of the polymer P and the .

averagevchain léngth, and reported a similar temperaturé dependence.'

Figufe 14 shows, however, that the free spin éoncentration is alsb —Eijﬁki%
almost identical with the concentration of Ss; as computed by Harris11

from various thermodynamic considerations. It is not clear whether the .
spectrum isvdue to polymer,181 S5 or charge transfer c<_jmplexes,195 but |
this qu;stion does not raise doubts regarding the validity of the poly-
merization theory; it merely raises the question what §mall species are
present in the liquid at the polymerization temperature, and in what
concentration. So far, onlyvthe uv and visible spectrass’63 suégest an
answer: At the melting point, liquid sulfur is pale yeilow. The
corresponding absorption spectrum is shown in Figure 15a;_ The spectrum = = 7'% =
of S8 in an organic'glass63 at 76°K, indicated in the same figure, explains

the absérption edge. At 250°C, sulfur is still yéllow,,but the
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with that

absorption is now due to superposition of the spectrum of'S8

of plastic sulfur.

Liquid polymeric sulfur is dark yellow,és.and has'an absorption
edge at 350 nm. Solid polymeric sulfur, obtaiﬁed by.quenching of a
thin film of liquid sulfur‘at 200°C invliqﬁid niirogen, remaiﬁs‘Yellow,'

while cyclo-S_ turns snow white, and has the spectrum indicated in

8
Figure 15b. Thus, polymericvsulfur is not‘dark'red, as ié erroneously
believed by mahy‘who know that boiling sulfur i; deep red or who have
seen impure liquid sulfur turn dark because of ofganic impﬁrities. The
origin of the red color in the hot liquid will be explained in the

next seétion; but the absence of deep dark color in solid and liquid
polymeric sulfur at 160°C and 200°C remains a puzzle, becéuse the free

58,61

radical chains, according to all known theory should be deeply:-,

coloréd. Several possible explanations have been proposed: One is -
that’lo-5 mole of organic impurity is suffiéient.to scavenge bolymeric
chains by conversion to sulfanes.58 Another explénatidn revives fhe
model of long intertwined rings. Howefef, so far WieWiorowéki's charge

6,195

complex theory3 explains the situation best. Sulfur is known to

.

form charge transfer complexes with iodoform,198 and possibly with

38

iodine; calculations°8 indicate that S -SX-S8 should be stable.

8
C. Liquid Sulfur Above 250°C
At high temperature, the viscosity of liquid suifur decreases
rapidly, and the color turns first red, théﬁ brown.and almost black.
Simultaneously, it becomes extremely reactive. Thus, in all except the

most pure sul fur (99.999+), the color effect is obscured by irreversible



darkening due to reéction of organicvimpuritiég. bﬁre Béiiing s'ulfur63
Has the same color as the.equilibrium vapor.é3 The absbrption'édge'of ‘
Figure.ISc corresponds to the spectrum obtaiped on hot tﬁin liquid -
films, quenched in liquid nitrogeh, Such films retain the color of the
liquid.63 The shoulder in the absorption curvevcoincides-withtthe'
spectra of Sy S4,'and S The.spectra of these speciéslgg’200 are
known from the gas phase, or from low temperatufe matfiées, in-which
they can be isolated. Very little else is knowﬁ ﬁbout hot liquid
sulfur, except that it is vefy reactive towards almost.évery chemical.
This is explained by the presence of S3s fhioione, and other small
molecules. v

The boiling point201 ofvsulfur, believed to be 293°C by Davy, and

440°¢C by Dumas, is 444.64°C. This transition is no longer a primary,

- but a secondary temperature reference point, accordlng to IUPAC 1The
critical point202’20§ of sulfur is at 1040°C and 200 atm. The critical
properties, Table XVII; indicate that liquid sulfuf, as well és thé 17*“
vapor, consists essentially of 52’ 53 and,S4 with very little_SS, S6’

S7 and S Figure 16 shows that thermodynamic-considerations indicatev H?%j%

that Just below the critical point, liquid sulfur has ‘a smaller average
molecular weight than theAvapor.96’203 ‘It remains to be seen whether
experiments will confirm this. However,.the composition of the vapor}2’~.
50,51,96 Figure 18, and of the liquid}l_Figure 14, exirapolate sméothly
to the critical data, Figure 16.

The recent discovery of small molecules in hot liquid sulfur cast

light on a formerly unknown phase, which surely must display interesting

chemical properties.

N

e



Table XVII S

Critical Data

Quantity Value . Reference

T 1313 °k = 1040°C  Rassow
| | 96
“Rau

P, 179.7 atm C rad®
‘ 202

200 atm o Baker
v - 158 cm™/mol
. 4 3
d 0.563 g{cm

v 2.8 atoms/molecule
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- V. Sulfur Vapor

A. General

The vapor pressure of sulfur from room tgmpgraturg to(ZSOOQK wés
first measured by Bilz and Meyer}s' Some points of the vapor'pregsure
curve, Figure 17, are listed in Table X. vRecently published high

pressure value5202’203

agree well. The critical temperature reportedA
by Baker and Rau203 are within 1°K, i.e.VO.l%; héwever;‘Baker!svcrifical
pressure is 200 atm. i.e. Zo%ylarger than'fhat reported bvaau,
Table XVIII. Specific heat, and other thermal data for the ﬁapor has
been summarized for JANEF by'Jensen,74 and others. .

Preuner and Schupp204 concluded that equilibriuﬁ Vépor consists 6f

6

SS’ S_ and SZ' Braune and Steinbacher205 studied the vapor pressure and
the uv - spectrum and concluded correctly'that an absorption at 510 nm

4

SS’ but assigned it erroneously to another transition of §

was due to S,. They also observed the spectrum now known to be due to

4 The -

hundred year old controvery about the vapor cbmposition was finally

settled when Berkowitzl2%0s51

Sn’ 2<n<10, including all odd numbered species.”_Buchler139 even
detected 812 in the vapor. The.fact that photoionization yields only
oné ionization Valueso supports earlier thermodynémic reasoninézthat all
vapor species occur as rings.

| The vapor pressure depends gpbn the phase with which it is in
contact. LaMer produced169-airo$ols with particlé diameter of 0.2u at

25° to 75°C which are stable for several days and have five times

equilibrium vapor pressure.

showed that vapor contains all molecules ‘



Molecule

Sgle)

Thermodynamic Data

Table XVIII

. of

(Standard state; 1 atm, 298.15K)

Equilibrium
28(s) 2 Szfg)
25;(8) 2 35,(8)
S,4(8) | 2 282(g)
25:(g) 2 55,(8)
3/488(g) z Sgle)

7/854(8) 2 S,()

. a) See réfs. 12, 96, 51.

3.482(g)]

o,

(kcal/mole) -

'31.20

33.81

34.84

26.14

" 24.36

27.17

24.32

¢

- 54.40

64.39
74.22
73.74
84.60
97.41

102.76

Gaseous Sulfura

(cal/mole-deg)

B (5-S)
(kcal/mole)
observed?‘2 calculated43

 55.8 48.7

57.8 58;63

' 60.0 58.3{

61.8 62L8i

62,2.  63.6;
.60.1t‘

. 63.0

19~
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Berkowitz12 has ghown by>masspectfo$copy that Vépor>in équilibfium
with rhombohedral cyclohexa-S contains Séf The preferential vaporiza--
tion of sulfur species has since been used by Berkowifzso,and Drowart.51
The latter used Rickert's eiéctrolytic cell:

Pt, Ag / Agl / Ag,S / Pt
to overcome problems in identifying the moleculér ioﬁizatibn pattern iﬁ
a masspectrometer. Thus, it became possiblé to unravel the molecﬁlar
bomposition of equilibrium vapor over a lérge temperatufe range. ‘At

low temperature, S, accounts for over 90% of the vapor, while 56 and

8
S, make up the rest; and the vapor is green due to the uv ab‘sorption63

7
41,42

of the terminally excited ground state of S, and of the other

8

molecules. Upon heating, the concentration of 88 in equilibrium vapor
steadily decreases, and the vapor consists increasingly of the small.

species. Above IOOOOK, S2 is the most abundant species. - At the

202,203

critical point, the vapor contains mainly'sz, 83, and Sy»

 Figure 16. The composition in the intermediate temperature range is

-y T
7 concentration of each goes = 7:i%- '¢
through a maximum at about 1000°K. According to Rau,202~sS never
~accounts for more than about 3% of the total vapor pressure, while Bakerzos.

- shown in Figure 18. The SS? S6’ and S

estimates a maximum of 18% at about the same temperature.

The relative concentration of small species increases in unéatur-
ated pressure. Spectral studies206 indicate that at 806°K and iOO Torr,
S, accounts for over 80% of éll.vapor species. - At 1000°K and 1 Torr,-§he
corresponding value is 99%.. This vapor is vioiet,204 due to the B + X’
absorption of Sz. The color of this vapor was already sfudied by

172 63,199

Gernez in 1876. S3 and S4 in concentrations of aboutylo% aré
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obtained at. about 10 Torr and SOOOK. Thisvvapor.is cherry red.63

Sulfur atoms are not present in equilibriumzvépor.below the c:iticél
point.202 They can be prepared as transient species by photolysis?08_212 '
The thermodynamic properties of the various ‘sulfur species aré,giyen in
Table XIX. The correspondiﬁg specific heats have beeﬁ calculated by Tdﬁ;lgig
V.Rau,96 who makes available a computer pfogram which allows cdmpuiatioﬁ |
of vapor pressures. | | |

IfAhot sulfur Qapor is rapidly quenched to 76°K, or below, éolored
solids can be»obtained’,165 which contain a mixturé of various vapor
components, together with recombination products which are fofmed during'
condensation. It is possible to trap individual'vapof species by .dilut-

166

ing the vapor with an inert gas. This matrix method has been used to

trap SZ"S S4, 86 and 88. .Photolysis of chlorosulfanes63 and other

3’

sul fur compounds in glasses and matrices has made possible selective

‘preparation of solutions cohtaining S atoms, and chains of'Sn, 2<n<7.

Upon warming, all these systems yield polymeric sulfur, and eventually

- Sg-
B. Individual Species

Sulfur atoms are not present in equilibrium pressure below the

critical point.202 Sulfur atoms can be produced as an electric dis-
-charge, and by photolysis., Gunning and Strauszzos—?ll'have perfected

gas phase preparative methods, using COS. The electronic energy levels31
of atomic sulfur are well known. Phofolysis produces atoms in the 3P

ground state, as well as in the excited state 1D. Excited atoms carry

26 kcal/mole excess energy and have a sufficient lifetime to enter .



8
' a-88 (s)

B-SS (s)

a

a

Heat Capacities Cﬁ of Gaseous Sulfur Molecules

_”é:gzwwim

12.854

19.092

25.558

31.580

37.038

42.670

5.268

+

{J d’ig ;5 lij-64§' 5 ;? 8

Table XIX

(After ref. 203)

0.28

1.04
0.783
0.253_

0.120
0.613
0.860

6.121

B T TS I

a) See also Table IX

oe
-1.554
- -2.820

-3.771

-4.400

-4.723

-5.110

-0.816

0.8
> 1f3
| ;.4

1.5

1.6

1.6
1.7
5.4

5.6

PR Cé (éal/deg-mol).
30k 1000°K

1.8

1.9

1.9

1.9

1.9

1.9.

1.9
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. chemical reactions. Strausz and Gunm.ng2 1 have explored extensively

the chemistry of sulfur atoms with organic molecules. .Some inorganic

reactions have been studied by DOnovan.ZlD With itself, the atoms form
Sz, and eventually SS.' The ESR spectrum214 of two 3? sublevels has

been studied by Brown in a gas stream containing about '101;3 atoms/cmz.

215

Thermodynamic properties of the atom, such as specific heat, heat of

formation, and entropy have been recently reviewed.

202’203_at

S, constitutes nearly 45% of the equilibrium-vapor »
1040°C, the critical point. At 1000°K and 1 Torr, and lower pressures,

S2 is almost 99% pure. S, can also be obtained in diécharges,n6 or by

2

photolysis63 of SZCI2 and similar compounds in the gas phase, in organic

glasses, or in matrices. The formation of S, via recombination of atoms

217 Many reactions'yield a significantv

. . . . . . D T |
fraction of_Sz in the first electronic excited state "A. 8

has been discussed by Olderéhaw.

S, is the most stable of the small sulfur molecules. - Its ground

state29 is 32;, as is that of 0,. However, the triplet levels exhibit

a far larger splitting29’207 than 02) Table XX. Recently, the ESR 72$L3_195
Spectrum219 of 82 has yielded accurate ground state data. vThé gfound
206 '

state frequency, observed by Raman spectroscopy, is 718 cmnl.. The

existence of S, has long been recognized. Seventeen of its electronic

29,207

2
energy levels are know, far more than for 02. The violet color
is due to the lowest allowed transition B « X. The corresponding B » X
emission is observed whenever sulfur compounds are burnt in a reducing

flame. This emission, for which the transition strength is well

determined, is widely used for quantitative determinatiqn220 of sulfur

|
i
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Electronic Energy Levels of S2 (Refs. 29,207)

, - L g e
State To(cm ) we(cm )} Be(cm ) De E? , re(A)
o . (cm ) .
. ~64,0007 - >0.29 o <l.9
Z+ 1A _ , , . . - L
w  %u ~59,9007 - - - -
,h’lz; ~ -59,9007  819.6  >0.29 . ~14.52 . - .<1.89
D 3nu -~ 58,750 793.9 ©0.3066  ~16.293 - (1.854)
c'?3z; 56,984 - >0.295 - <1.89
g ;Au -56,700 816.4 . 0.3217  20.0 1.8l
. . 187 |
C 1 55,633.3% 829.15  0.32196 1.810
u 22,0 -
£ lau -41,200 438.32 ©0.2267 24.5 2.157
e 1ng 37,000  533.7 ~0.25 - ~2.08
B'3ng . 736,000 - C0.244 - 2.08
3 - oD . - L
B 5 31,689 434 0.2244 - 23.1°  2.168
B"3nu <31,700 - >0.2029 - - ~ <2.280
A Sz: ~225550 477 - A .
¢ 1z; © ~23,550 533.6 " ~0.235 - 2,122
Au3Au . 21,855 488.6 0.2284 19.96 2.148
b lz; - 8,500  700.82 - - -
a 1Ag ~ 4,500  702.35 0.2923 20.4 ©1.899
5 c 19.58 o |
X 75 0 725.668 0.29541- - 1 1.889
g : 21.48 L. 8¢

a) A=-11.61, y=0.03; b) A=-4.9, y=0.05; ¢} A=-11.61, y=0.006.



'compounds, separated by gas chromotography. The properties of electroﬁic

2
energy levels have been reviewed by Barrow, 9,207 who has made most of -

the original observations.

There has- been an extended controversy about the dlssoc1at10n energy

of S,. It can now be con51dered solved as thermochemical con51dera-

2
tions;zz1 Knudsen-torsion effu51on measurements,zzz masspectroscopy?1 223

and photoionization, listed in Table XXI, all agree on the "hlgher“ of /1;

the possible values. The predissociation 29,224 in the uv spectrum

“yields the most accurate value; 35,590 cm-1v= 101.8 + 0.01 kcal/ﬁole.

A recent value for photoionization51 is 9.36 eV, and confirms the

earlier value of 9.9 eV + 0.6 obtained by electron impact.

Several studies have been conducted on 82 in rare gas matrlces200 225

Szvls produced by trapplng vapor, a discharge, or photolysis.. The
’ t " .
absorption spectrum shows a simple progression with vn'+ v,» as kT is

insufficient at 20°K to yield vibrationally excited ground state atoms.

The emission spectrum, and a Raman band at 720 cm—1 has also been

reported.. An IR bamd'165 at 668 cm";1 is observed and is now assignedZOO

to S4. Its uv spectrum can be observed when S, containing matrices are
o . . . :

ennealed,
' The 82 ion will be dlscussed in the sectlon on'1on1c solutlons.
§5__was called thlozone by Erdmann?26 18 , who assumed that 1t
exists in liquid sulfur. L d'Or published the uv spectrum os Sy in
1909, but Rosen 29 assigned it to'S . 'Braunezos assiéned it to 54, and
most physical chemlsts reJected the ex1stence of Sz until 1964 when

BerkOW1t212 found it in the masspectrometer.' It has 51nce been proven'

\
A€
1%

0
R



o
DO(SZ) kcal/mol

©100.69 *+ 0.01
101.0 + 0.2

<101.0 + 0.8

101.7 + 2.9
101.0 + 2.5
97 +5

a) 100.69.kcal/mole corresponds to the predissociation at:35,590 cm .

Table XXI

Dissociation Energy of S,

Method o Reference
uv-Spectroscopy” Ricks and Barrow224
: : - 5,12
Photoionization Berkow1tz and Chupka’
U ¥ e, 223
Photoionization Dibeler and Liston
L ' 222
Knudsen-torsion Budininkas et al.
Effusion '
] 51,221
Thermochenistry _ Drowart and Goldflnger
. s 221
Mass-spectrometric Colin et al.

1969

1968

1966

- 1964

-1

1968 - -
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Sy occurs in liquidlgg-z03 and gaseous sulfur. Its continuous
204,205

absorption at 530 nm has been repeatedly reported. Itvocours_.

together with Sz. . Its vapor spectra can be best recorded at 450°C and .'

20 Torr, where it is assumed to account for about 20% of the vapbr.63

o 3 ‘ .
At the critical point, it forms between 24% and 40% of all species?OI’Zo'

Bohding considerations suggest that S4 can occur as a ring,so as a

chain,38 and as a branched molecﬁle,38 as Sﬁownvin Figure 7. Semi--
-empirical Huckel calculationssg indicate‘thaﬁ the-szggi;chain,'and fhe-
brénched molecule have similar stability, and that both are far more
stablevthan the pyramid, the planar ring or any other fofm, including
the ring. It‘is quite poséibie that thé branched.SOS-type struﬁture,
With'a_charge of -.12 on ﬁhe terminal atoms can exiét,.at least at low

temperature.

S4 is found in matrice563’200 by careful photolysis of tetrasulfide,

or, much easier, by recombination200 of Sz. IR bands at 688, 483, 320

and 270 c:m-1 have been assigned to it. Raman bands in trapped

227

discharges through SO, have also been assigned to S4.

2

50

The photoionization” of S, has not been published yet. The electron

4
impact'ﬁethodlz»yielded a value of 10.4 eV.

Three ions of Sy have been reported: Szz is assumed to be planar?5
like Sesz. S; supposedly forms in salt melts, while 522, the stable -
tetrasulfide ion, occurs in aqueous solution, at a high pH, as a chain.

§5__has rarely been studied or discussed, even though it occurs in

the vapor,12 the liquid,63 in matrices,63 and possibly even as a solid§2

12,50,51

Thermodynamic considerations suggest that it is a ring. Calcu-

lation538 favor the chain, as do stereochemical considerations. If the



S-S-5-8 bond geometry is to be preserved, even the most faverable
unstrained SS chain conformation would leave the terminélé 3.6 A epart49
(Table V), while for all observed. rlngs, values of about 2 A are computed
Except for its weak a.bsorptlon,63 its vapor’ pressbre,zm'zo2 which
accounts for about 13% at the crltlcal pressure, and its phot01on1zat10n

energy50 of 8 60 eV, very 11tt1e is known about S It 1s-1soelectron1c: o

5°
with S4N which is fairly well known.228_ It should be pointed out that
in liquid sulfur, Ss might be the most abundant of all small paramag—
netic spec1es.11 -If so, the strlklng 51m11ar1ty between the S5 concen-

tration computed by Harr15,11 Figure 10, and the concentration of free

species observed by Kdningsbergerl,81 Figﬁfe 13,'might not be accidental.

.§6’ S7, and Sg, SQ? S,. and S have all been found in the

10 12
12,139 12,50

vapor. It is likely that they exist as rings. The same rings

are very likeiy present in the n—ffaction.of liquid sulfur,95’178’179
which causes the curious meiting phenomena of sulfur. 'However,‘éll

these molecules also'existvas pure solids at room temﬁefature, where they
can be much more easily studied. Thus, fhey are diSCussed in Section

III B, with solid allotropes. In the liquid and perhaps‘also:in the
Vapor, Sn’ 6 n 12, can also oceur as‘chains, aﬁl}eaet as transient
equilibrium species. These should be easily recognizable by the deep

color which they must exhibit.63
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V. Solutions

A. In non-polar liquids, cycloocta-sulfur and other rings dissolve

at room temperature without decomposition. Representative solubility

values of frequently used solvents are indicated in Table XXII. ~Dis- Aok

tribution factors for S6 and S, in 8 solvent mixtures can be found in

8
references 95 and 230. Binary systems including sulfur have been
studied and reviewed by Wiewiorowski.14 Systems including liquid sulfur
and aromatic hydrocarbons have been reviewed by Scbtt.13 Récently;
fugacitie5231fbf éimilar systems have been measured, however, it should
be noted that above 130°C thermal dissociation of the ring by homolytic
scission induces»freé radical reactions,6 usually hydrogen abstfaction._ 2
- Thus, many of the reported systems suffer slow cheﬁical reaction,
recognizeable by the color change. |

Wiewiorowski232 has demonstrated that liquid sulfur itself makes-
an éxcellent solven;, and lends itself to IR studieé of reaction. With

195,233 181

H,S sulfur forms a reactive system, as it does with iodine,

chlorine,174 arsenic,192 and at higher temperatures with CSZ.234 At

room temperature, light converts S, into insoluble photosulfur, which

partly redissol'ves.ss’235

8

B. In ionic solutions, elemental sulfur suffers nucleophilié or

electrophilic attack and forms deeply colored solutions, first described

by Geitner,236 which contain molecular ions, usually chains.

Molecular Ions

Three classes of molecular ions are Known: The polysulfides are
‘doubly charged negative ions that are quite stable in aqueous solutions

at high pH, and as solid salts. Singly charged negative ions form in




. A

H,S

00

Solvent

Cs

CCl4

CHCl_3

CHBr3

CHI3

H,0-(CH,) ,S0(1:1)
Ethanol—(CHs)ZSO(lzl)
Acetone-(CHs)ZSO(l:l)
NH- (CH,) ,S0(1:1)

NHS

(NH4)ZS

SZC12

Pyridine .

Aniline .

Benzene

Ethanol
Ethyl Ether

. Acetone

Hexane

a) D. L. Hannick and M. Zvegintzov; J. Chem. Soc.

b) T.
c) A.
d) S.

U 4 3 mawlgxylg o

Solubility of Sulfur
Solubility . -Tempu
(weight percent) (o )
g §/100 g Solvent
0»14 -60
0.005 0
L3 80
0.0078
0.039 60
0.46 140
4 .. =-80 -
35.5 25
55.66 60
0.148 -24
- 0.86 25
" 1.94 - 60
1.2 60
3.64 5.6
42 85
0.003 60
0.37 60
0.45 60
15 60
38.6 -20
21 30
37 . 20
703 - 9
17 21
97 110
10.5 85
19.2 100
46 130
2.1 25
17.5 100
0.066 25.3
v 0.283 23
2.7 25
0.25 20

2.8

100

25

Reference

233

T

234

- 234

27

27

. i , 1928, 178s. S
Kawakami, N. Kubota, and H. Terni, Technol. Rep. Iwate Univ. 1971, 77.

Keouanton, M. Herlem and A. Thiebault, Anal. Lett. 6, 171 (1973).
Bretsznajder and J. Piskorski, Bull. Acad. Pol. 15,793 (1967). .
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salt melts at high témperature, and doubly charged cations are observed .
in so-called "super acids".

The polysulfides are formed by chain scission, which is followed

by rapid chain degradation or by polymerization yielding.chains Snvwith

1<n<20 atoms. The molecular bond characteristics of polysulfides are:

S-S = 2.048 A
o 1

$-5-8 = 107953

5-$-5-S = 90°

These compounds are pale yellow, and equilibrate rapidly with each

237,238 with well established compositions?z’zss’239

other, yielding mixtures
81 ' SO 59

- Feher = prepared the free sulfanes HZSn’ observed the spectra™ of

individual, pure sulfanes, and‘calculated their uv 5pectra60 with a one

electron model. A semiempirical Hlickel calculationss-gives very similax

transition energies. Figure 6 shows that with increasing chain length

the transition energy converges at 320 nm.

The singly charged ions, S;; S; and S; have been observed when

elemental sulfur or certain sulfur compounds are dissolved in the KCl-

240-242 4 g kons, 243 244,245

246

LiCl melt and in dimethylformamide.

A » . . . ) . 3
They also occur in minerals. The color of various ultramarines is

explained by the presence of such ions, but also by neutral sulfur
. 246 '
species.
The green S; ion absorbs241 at 400 nm, and has a Raman_242 active

stretching frequency, which lies between 592 cm-l in Nal and 612 cm-1

in KBr, depending on the solvents.
Blue S; absorbs at 610-620 nm. It has Raman242 frequencies at
523 (:m-1 and an IR absorption at 580'cm—1, The ESR spectrum has been
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247

observed. The molecule has CZv-symmetry; and a bond angle smaller

than 120°. The omnipresence of this ion,248 i.e. its superior stability

in the ionic media, is not yet satisfactorily understood. S; is isoelec-

tronic with 05 and SO,, both of which have been reported. 249+250

Gillespie formed cations of sulfur in oleum and in super acids,64

and for solid salts. The cations are parts of complex ions:

+2
S8 (AsF
105

62"

S+2 is known best. Its structure is well established. The SS fing

8

is converted into a chair structure, and the bond distances are 2.04 A, .

. 7 . sy s . s
i.e. somewhat shorter than in S Likewise, non-bonding S-S distances

8"
R 22 . . . 106
are closer than in 88. The structure of 88 is intermediate™ . to that
of S,N,. Wilkinson251 studied the ESR spectrum of S;.
The SZZ jon is quite well established.65 In analogy64 to the>Se22v

- ion, it is expected to be a planar ring. . The Ramanfrequency252 has been

measured and assigned to the following modes:
1 .

v, = 584 cm ~ °  Aig
v, = 530 en”t Big
vy = 460 en”t Eu
vy = 330 cm-1 Bug
A “e - 252 _ . oo oo 65
They have also been identitied by ESR and circular - .
+2

A third species, Gillespie'é 516 is also formed in super acids, but

s . . iy 64
its identity and properties are still incompletely demonstrated.



VII. Conclusion
‘In the last ten years much has been learnt about the molecular

structure of elemental sulfur. It is now known that many different

~ types of rings are sufficiently metastable to exist at room temperature

for several days. It is known that at high_temperature, the equilibrium
composition allows for a Qariety of rings and chains to exis£ in |
coﬁparable concentration, and it is known that at the boiling point.and
above, the vapor as well as the liquid contéins s@ail-species with
thréq, four and five atoms. - | |

Now fhat many of these species can be iédlated in bure form,-it
should become possible to study the relativé réactivity of.differeht,
allotropes. Such knowledge would make possible selective reactions,
which Would open simpler and cheapef paths to synthesize sulfur‘
compounds, such as polysulfides, and other industfially important and
usefui compounds. So far, very little is known about the reactivitf of
different pure allotropes. Bartlett94 ana Davis98 have repofted the
kinetics of S¢ with triphenylphosphinech}oride;_ Kﬁippschildzs3 dis-

coveréQ that S, reacts with many nucleophilics about 104 times faster

6
than does Sé. . The quick reaction of S¢ with HI, which reacts only .

54

véry slowly with S_,, has been reported by Schmidt.2 The mechanism of

8)
these reactions is not yet conclusively established, but the degradation
of S-S chains,56 as it occurs for example in the reaction of sulfur

. co . e . . 255 '
with the sulfite ion, and the formation of chains have been plausibly

explained.25 The work of Norris and his group256 has shown that radio-

active mafking with 35S can greatly help with the unraveling of reaction
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~paths and the determination of the'kiﬁetics.'

The ieaction of sulfur with variou§ organic compounds has been 
recently reviewed by Juraszyk.257 Such reactionsiare very sensitive to
traces of acids and bases.zs' Reactions of»;ulfuf with sufiae have been

 studied by'an258 and his group, and many others.z; The reactions of
liquid sulfur have been investigated by Langervaﬁd Hyne.259 .Abové 180°C -
liquid sulfur reacts with aromatic and other ﬁydfoﬁarbdns, énd their
haiogen derivatives.5 This-reaction is due to tﬁe small sulfuf species‘é3
formed at this temperature. These reactions'explain the irreversible
darkening of all but the purest mélten sulfur. The.réaction of high
temperature species has only been superficially explored.260 However,

the reaction of atoms is now well established, duefto fhe work of

Gunning and Strausz. 2! S "‘ . P

Table XXIII presents, in conclusion, a summary of those sulfut

allotropes which have been most widely described.
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Table XXITI

Molecular Composition of Sulfur Phases, and Reaction Products

__Reagents

Phase

Solid Sulfur

¥

Solid Sulfur

‘Liquid Sulfur

Sulfur Vapor

Solution, containing

cyclo-S8

Solution, containing

~Sulfur Compounds

td

Molecular Species

a) Stable (STP):

Cyclo—S8 as a—88

b) Metastable:
Cyelo-8.6,7,8,9,10, -

11,12,18,20
Catena-S,, (16<i<105)

Charge Transfer Complex
cyclo-Sn-catena-Si-

cyclo-—Sn

Cyclo-Sn, 6<n<24 (?)
Catena-S,, 3<i<10®

Cyclo-Sn, 6¢n<12
Catena Si’ 2<i<5

Cyclo-88 :

‘Cyclo-(ss), Sgs Sq

88’ Sg, SlO’ S S

5200 S ¥

12, "18°

Well-established

Sw (Geller II)

Sy

Allotrope
Inconclusive or Mixture
o , L o
. ’ ' ‘ . 3
Laminar, w, Orange, Metallic,
Vézzoli, Geller, Baak "
' : L
R
;W
~1
P
T, Y, Vv, ¥, _ @

a;, B8, 812
v (=u)

a, B, v

Sg» 570 Sgs S

811 5120 S1g2 S ¥

9° $10°

N

Crystex, w, Red, £, sec. fibrous,
Green, Blue, Black (Schenk) :
Violet, Green, Purple

wl,z(g)’ "P: u) E » N ’0, X,vﬁ

K, §, 0 , 1, '

s, V; W, 7&'"2 . ‘ _ ‘
Red (E;F,G), Orange (I,K,L,M) B
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FIGURE CAPTIONS

Electronic structure of 58’ and a-sulfur, derived from the

: . an 3 . :
energy levels of the free atoms. 1 Both the narrow electron

band and the hole band contribute to the electric conductivity..

40
.)
146

S-5-5-S bond structure. The unrestrained bond angle '~ is

(After Gibbons

1060, and the torsion angle is 85.30.‘ Data for yarious allo-
tropes is listed in Table XI. |
Structure of the sulfur helix. The molecularbunit contains‘
three atoms in three turns. The helix radius is 0.95 A, the
molecular unit axis, ¢ = 13.8 A, In theisolid,_left and right
handed helices combine in various ways to form the different
structures of polymeric sulfur. Fig 2a ié a view along:the

¢ axis.

The structure of SS and SlZ' |

Views of a) S, b) S7,'c) S,4» and d)'SZO;-'The.molecular '
data is summarizedvin Table XI, the structure of the solids

in Table XIII.

First allowed transition for a) sulfur chains, B) sulfur rings,
and c¢) sulfanes, as a function of chain length; o indicates
observed points, x.indicatés calculated>Va1ué; |

Six isomers of S4. The number§on the terminal atoms indicate

the electronic charge.
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The structure of the solid allotropes of cycloocta-sulfur:

a) the ''crankshaft'" structure of orthorhombic a-sulfur,

b) monoclinic B-sulfur,“ahd'c):thé ”Sheéréd“penny'follﬁ
structure of monoclinic Y-sulfﬁr. All views are perpeﬁdicuiar
to the c-axis.

Melting curve of sulfur, and structure of allotropes cbtained

by quenching; 1) Deaton153 and Vezzoli,154 2) Susselss‘and ,
Sklar,156 3) Ward and Deaton'”’ and Pankov}s8 and 4) Book}59,

The zone from which laminar];48 fibrous149 and plastic156

allotropes have been quenched is also indicated.
Composition of liquid sulfur I: Weight percent of small

species, large rings (r), and chains (-n-), computed from

‘ref. 11.

Density of liquid sulfur at 159°C. (After Patel}gz)

Temperature dependence of polymerization rate of liquid sulfur,

based on 12 observation points. (After Klement.lgl)

- Composition of liquid sulfur II: The weight fraction of the

polymer was computed from data of ref; 11 and ref. 186. The
average chain length is from ref._lO, and the free spin
concentration from ref. 181.

Estimated mole fraction of liqﬁid Sulfur components.

Visible absorption edge of liquid sulfur at a) 120°C, b) ZSOOC, '
and c) 500°C. The absorption of individual components was »

obtained for S, at -70°C in EDTA, for polymefic sulfur at

8

-196°C, as a think film; S S,» and S in EDTA at -196°C,’

3? 5
and S2 at'—253°C, in a rare gas matrix. (After refs. 58, 63.)
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Average number of atoms per ﬁolecule in vapor and liqﬁi&'at

‘ 10400C, and 200 atm, at the critical point._ (After Raufzos)
EQuilibrium pressure of sulfur; the fdfél preSsurevéurve Ij
was constructed from data in ref. 96, 201-203. The partial
pressuresof Sn,.2<n<8, were estimated frbm'data of réf.:lz
and Sl. |

Mole fraction of Sn’ 2<n{8,vin a satﬁrgted vapb:, be;ween 120
‘and 1000°C, estimated from data in réfs. 12, 51, 63 and 201-

203.
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Fig 1 * Electronic structure of S

8,_and a-sulfﬁr, derived from the

energy levels of the free atoms.31 Both the narrow electron -

band and the hole band contribute to the electric conductivity.

(After Gibbons ™0, )
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Fig 2 §-S-S-S bond structure. The. unrestrained bdnd angle146 is -

' 1060, and the torsion angle is '85.3°. Data for various allo-

tropes is listed in Table XI.
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Structure of the sulfur helix. The molecﬁlar unit contains

three atoms iﬂithree turns. The helix radius is 0.95 A, the

molecular'unit'axis,_c = 13.8 A. In the solid, left and right -

"handed helices combine in various ways to form the different

structures of polymeric sulfﬁr, Fig 2a is a view along the

¢ axis.
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and S

. Fig 4 The stru‘ctu;'e of. S8 12‘.» o



Fig 5 Views of a):SS, b) S7, ;)»518, and .d) 820. The molecular -
‘data is summarized in Table Xi,_the structure of the solids

in Table XfII.
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The structure of the solid allotropes of cycloocta-sulfur:

Fig 8

a) the "crankshaft" structuie»of orthorhombic a-sulfur,

b) monoclinic B-sulfur, and c) the "sheared penny roll"

All views are perpendicular

structure of monoclinic y-sulfur.

to the c-axis.
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Melting curve of sulfur, and structure of allotropes obtained

by quenching; 1) Deaton153 and Vezzoli,154 2) Susse?55 and
Sklar,156} 3) Ward and Deaton157 and Pankov}58 ‘and 4) Book?'59
The zone from which l*minar}48 £i 145 156

ibrous and plastic

allotropes have been quenched is also indicated.
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Fig 15  Visible absorption edge of liquid sulfur at a) 120°C, b) 250°C,

and c). 500°C. The absorption of individual components was

obtained for Sg at -70°C in EDTA, for polymeric sulfur at

-196°¢C,

as a think film; S;, S,, and S. in EDTA at -196°¢C,

~and Sz_at‘ -253°C, in a rare gas matrix. (After refs. 58, 63.)
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was constructed from data in ref. 96, 201-205.  The partial

pressuresof Sn’ 2<n<8, were estimated from data of ref. 12

and 51.
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Fig 18 = Mole fraction of Sn,.2<n<8, in a Saturatcd vapor, between 120

'and'IOOOOC, estimated from data in refs. 12, 51, 63 and 201-

1203.
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-LEGAL NOTICE=

This report was prepared as an account of work sponsored by the ’

-United States Government. Neitbér the United States nor the United

States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their-employees, makes
any warranty, express or implied, or assumes any legal liability or

* responsibility _for the accuracy, completeness or usefulness of any

information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. -
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