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ABSTRACT :~ . 

~~­
~/ 

This report is a. prelimina.ry review of the 8.llotropic forms- in which. 

elemental sulfur has been observed below 30°C. The nomenclature, Purtl~i-
. -~~ 

cation,. preparation and many properties of 33 molecules and modificati~s 
:\ -· . . ,. . :.~~7 

are discussed in the form of a guide to the extensive,~. but uncoordinatep., 
'. 

literature in this field.-; · 
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I-.- INTRODUCTION u 
;_. 
~ 

·?. 

More than 30 sulfur allotropes have been reported and a large amount\of 

. ' ' detailed information has been accumulated during the .last 150 years, but~ 
·. . . . . ~ 

·. ;," 

· basic properties of sul.fur ·are. not yet known. Much data is so inconc~us:tlve 
. . . . . ~-

···. 

{ 

. or contradictory that it is difficult to establish the present status of!our 

\ ' 

knowledge, and an inconsistent nomenclature hampers the coordination of opser..i. 

'Y"ations. · We find three causes for this situation: 

1) Many authors 'assume that. sulfur, being an element, should have a simple 

behavior pattern. l3a.sed upon this ass.um.ptioJi, the interpretation of experi-

mental data concentrates frequently upon expressing the observations in a very 

small number of parameters. This approach is wrong because the behavior of 

sulfur is complex and capricious and can only be reproduced in a well defined 

· system. It has been observed, for example, that an allotrope can show differ­

·ent characteristics if it is studied by the same method, but by different in-· 

vestigators. It is tempting in this case to doubt the reliability of some of 

the observations and to select a single report as describing the situation 
~ . . . . 

correctly. Ho~ver; ·the true cause for such a confusing situation is frequent­
'\ 

ly the omission of a parameter. In the example cited above it is the aging 

. .. : :of the sample, the time .. · In other cases minor disturbances such as sunlight, 72 

~. ,' ,-., .. ~: : 

. -~~-

-~ 

.. ·. 

' < 

,, .recrystallization, etc., can cause the formation of a variety of allotroJ?es 

which all have similar stability;. The half life of many of these forms can 

.be in the order of the time required for investigation and the sample changes 

· • its composition slowly under the hands of the investigator.. It is ha.rd or 
. . . 

impossible to isolate One $ingle allotrope in RUCh;•.a multi-COmJ?onent system • 

Often a ·mixture is· so complex that. it can be mistaken for a new homogeneous 

·form •.. 

· .. ,i 

·· .. 
I 

. ' ·. .... ~ 

*" ,1 •. "·. 
':,.· 

. I 

• "<".' 
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2) Im.pur~ties ·are another source of .confusion: the properties of ~ulfur 
c q 

13 20 265 225' depend cri tical.ly upon contaminations.. ' Selenium., hydrocarbons \and 

many other impurities react with the element already under mild conditions and 
~-~ 

:...· ·. 

cause time depend.ent observations. A satisfactory method for purif'ying s., was V · 

developed only in l943.l2,l3 Earlier data were obtained with samples coltain-

'" 
ing considerable.amounts of other materials, and even in recent years th~:in­

:: 
-1 

fluence of contaminations has been frequently underestimated. "i;; 

3) Elemental. sulfur is used in Chemistry, Crystallography, Physiol~gy 

:; . ·and so many other fields that there is often very little contact between ! 

·. ·~ 

different research groupse Therefore, the literature contains a considerable 

amount of observations which are uncorrelated to existing data, and, as a 

matter of fact, the same information has been frequently printed tvnce, but 

in different terminology. This situation could be improved if a survey of 

this field would be available .. 

This report ~epresents a short and preljmjnary attempt to review our 

present (June 1963) knowledge about solid sulfur allotropeso In this context 

sulfUr is considered solid at or below standard temperature~ Wherever possible 

a systematic re\ationship between. formation, struc~ure and. the origin of the 

. different alltropes is indicated. It seem appropriate to refer occasionally 

to old literature since the work of recent years has confirmed same old ob-

se;rvations which had been considered incorrect for a long time. 

.-:· 
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II. NOMENCLATURE 

The lack of coordination of knowledge about the different sulfur al4,o­

tropes shows clearly in the nomenclature. A systematic . nomenclature doe~ not 
. 1 

exist100 and there is not one g~neral.ly.accepted name for any allotrope.; As a 

result of the DlBllY criteria which have been applied to the labelling of sulfur, 

most forms have several different names. Often, a modification was first named 
'!;' 

after a particular property which the discoverer .wanted to· stress. Some \al.lo-

tropes were, for example, called purple, green and black, sulfur; and orthorhom-

bic, prismatic and monoclinic sulfur. Unfortunately, most of the mentioned 

properties do not conclusively describe a modification; thus a second definition 

was introduced or added, such as 4th monoclinic form, or monoclinic form of 

Gernez, etc. Another insUfficient nomenclature refers to the origin or the 

preparation of a sample, as in precipitated sulfur, sublimated sulfur or 

Frasch sulfur. In an attempt to clearly label different allotropes, a Greek 

letter nomenclature was introduced, but in explaining new observations these 

letters were distributed very freely. As a result, Greek letters often do not 

d.esignate equiy~ent particles, but stand .s:amet.imes.>for m:olec\lles,. (e.g. SA.)-, 

sometimes for.modif~ca.tions~ (e.g. Sa.)~··or even· tor cOm.plicated mixtures {e.g. SJ.L) 

either in the liquid or in the solid. A further difficulty encountered in 

the literature is the frequent renaming of allotropes with new or previously 

used symbols. SUch a case o~ accidental or purposeful name-shifting is, for 

example, SJ.l for which we list here only a few synon;yma: Sy, S , S , Sv etc. x n 

We will make use of the Greek letter system in the following and add. 

other names only whe.re considered important. Appendix I lists the common 

names of some allotropes. 
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III. SELECTED GENERAL DATA 

The general properties of elemental sul:f'ur 1:3.nd many of its modifications 
~ 

~ } 
are reviewed in references cited in App~ndix VI but the various allotrop~s 

.. !"": .'. 
ii' 
5t":;' 

differ so .much tn their behavior that general and over-all data have onl:{, 
,, ~ fi 

l.imi ted value.. It is the purpose of' this chapter to indicate the source~ and 
•\ 

·.the reactions of the contaminations and then to mention the best purific~tion 
. .·. • . ~';i . 

~ ~ 

methods. 

l) Sul.:f"ur Sources·, 

Commercial sulfur is derived from two sourcese First, it can originate 

'· ·. -;, from the 'vast natural deposits of the element, and second, it can be formed, 

' .. 

.·.·. . • generally as a by:product, from compound.s. Until 1914, most commercial sulfur 

came from volcanic sources. This sulfur ;forms large c;rystals (s ) which are 
a. ' 

· yellovt;..brownish, du~?" to a rather large impurity concentration. A material 

containing up to 99,9% sulfur is now produced by the Fraschl09 method, vrh:!)h 
f ~ ' 

involves melting and recrystallizing of' the fdement under water vapor pressure• 

The main impurities in elemental samples are: Air inclusions, water, hydro­.· ..... 

sulf'id.es, heavy metal sulfides, sulfoxy acids and some As, Te and Se ~ 
'\, 

Commer-

··. · cial sulfur is generally a mixture of' d.if'ferent allotropes, containing maiDly 

... Sa. and Sl-L. Beside the stable Sa.-f'orm, two unstable (STP) modifications have. 

' ,· been observed in naturet 813 and. sr, both however only .'in small samples. 

The most popular. forms of' sulfur are precipitated sulfur, subl~ation 

· sulfur, and sulfur flowers. They all are . obtained from compounds and contain 

·the impurities mentioned above, and often in addition dust or solvent traces. 

•·• Some allotropes form only' during the decoinposition of sul:f'ur compoulidsc In. 

·· the Laboratory several methods ·are used for precipitating the element. 
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. · ·!~rZ;i:. > ; ::Probably the four most' ·used methods 
., ."T:~f~· _:·; .· ~ . l) S

2
CL .- . . : ;, . . + ·.-. . 

.-.. f.,. ...· . 
. " . ,· ·- ~ 

a.ret 

:-,~ . . ;.: .. · .. · ~ 
.+ •••• 

•. ,. -. .; •. -~-:.i_/S ' ...... : .-.. ~ ·. 
2) 

3)· 

= (Sx) 

:::: (S ) -~ -· :· 

,·!,. 

: -... 

. -: :-. 

... 

·;_··. 

- -~~. 

~ ·; 

4) HS X.· 

+ 
X 

+ 

+ 

+ ........ ·-

+ •••• 

+ 

\. 

r 
!~ 

.· ~ The mechanisms o~ these reactions66, 225 (see Sec. rv, 3, E) invol.ves al.wairs 
·-~ 

~he formation of polysul.fUr chains in compounds which then degrade • Dur~ 
I. 
~! 

the wet preparation of the el.ement, a variety of' allotropes are formed and . 
-·· ·' coprecipitate with sul.:f'ides, oxyacids and sol.vents •. It is hard to puri:f'y the 
-:·-. '. 

el.ement in this form becaus-e it .ean react w1 th _the contam1 nations during the ..... 

purification process. 
> ' - > >, > ' . . . . . 233 234 

' · A new preparation method has been reported· -by Rickert, . ' who ·has 
·',' 

.·.--_;' · ~ recently devel.oped a·· sophisticated el.ectrolytic cell froni. which sul.f'ur can . 
. '.- ~ ·•. ' . . . 

}' 

. -~' .. ~ ~· . . . .' ~ ' -. ·:·be · rel.eased in preci:sely measured amounts • 

.. -~ - · 2) Reactions 
· ..... · 

. . ' '.,.·~.; .·- -~ .:- ;':-
., ' '!:~ . : 

· .. 'i:· 
:, . . , We refer here however only. to .. same sel.ected reactions w1 th. impurities. 

. . '.- ~ 

.. - - -•· •' ~ · For a more campi~te discussion, see Ref. ll7, 1.33, 225. 
.... 

• ·_i_ ' •, • • -~~ ' • 'd, 

• • . • '· ' -i!'~ ; 

~._. :.-

· Bartl.ettl.7-22 has demonstrated that the reactivity of sul.f'ur d.epends very 
J • ~-

L 

·iC<_.· ' much upon the mol.ecul.ar structure, but so far only few f'or.ms have been studied. 

'i: 
-~. 

.'·· .. , 

. . ·;:' ~--
~~:~. -, -~ < ···{· 
:J.; _. .. ··· 

- ~ ·.,. 

. \."' 

. .'·r 

, . .. : . . -. ( l • 

The bul.k of observations reported refer to unspecified mixtures, the composi-

tion of which can only be guessed at from the reaction conditions and the 
. .. 

r~action media. · Often allotropic transi tiona are involved in a reaction .... _ .:_ ' 

. ;mechaniam, and it is hard to isolate the·. rate. determining species. Onl.y l.ittl.e 

. , · fs . known.' therefore about :the· reactions of · su.ltur~···. .· 

".- _·-··- · The .Use.;of .. radio•active 1s~topes43,J.72 f'acili~ates ·the study .of reaction 
·-.\>'. '. :·;'; ·'·' .,. ,·,.,::· . ,_"c:: ,. 

"(·~ 'I • 
. . 4.? f: .... : . \ . ~. 

·' .. _. ,;' 

· .. 
. · -..·. . .. 

._-.: - . : . ~\ ,· ',;' :-

. '·•. 

. . 
' 
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. . ·. 6 17'147 
,:<.mechanisms often, but relative little use has been··.made .so f'a.r of this method. '. ' ' 

A) The pure element: 

·\ . A great variety of intra and interm.Olecul.a.r arrangements have such a 

... :similar stability that even caref'ul handling can bring about a transformation. 
,._·,' 

i·.:·. _. ... · ·Such a.llotropic transformations form the body of this report and will be ~s-

.' i}"' 
cussed ·in Section IV. , ... 

· ·· ·· · ~ · B) With aqueous solutions:· 

. . ·' 164 
The reaction of the element has been studied under different conditi9ns. · · 

. The mechanism is not y~t known, 225 but . the products are highly water soluble ' 

and it is- probably that they catalyze the reaction • 

Since suJ.fur is water insoluble,reactions are often performed in a mix­

ture of an aqueous solution with an organic sol vent. 

C) In Org~c. sol vents: 

Sex. and aJ.most all 

benzene, toluene, cs2, 

allotropes but S~ are fairly soluble in Ethyl-a1cohol, 

cc1
4

, CHC1
3 

and many other solvents.l50,30~ React~ pB 

are brought about by introducing the reagent directly into the solution, or 

·. by mixing the solution with an acetonic qr alcoholic aqueous solution of the 

reagent. It i.s'\.not yet clear how much the solvent partakes in such reactions, 
'· 

but they of'ten form compounds with sulfur a acetone, for example, gives with 

· · .. sul:f'ur a deeply colored. solution, and a.ili.coholic solutions always smell f'rom . 
. - ,_-'. ". ' 

301 .· ~S, the f'ormation of which is strongly. enhanced by light. Polysulfide_s 

... · are . also detected in hydrocarbons and if. sttJ_fur is dissolved in cumene and 

, heated to --..112°. The last reaction involves probably open chains of' the 

element a. 225 · Such chains have f'ree radical character188 and ID.B.ke sulfur an 

·. · excellent polymerization i:nhibitor224, 2!8.:~or ·polystiryl, 18 polyvieyl, 
- • • • • • • .. • ·-·. • • .._ ~ • < • -

~ ,', . 

poly.Sulf'enyl and ma.ny other substance's •. ·.· · ;·~ :!c. · · 
·. ~ . . : : --~ .. 'J.·. 

;,r 

,' .·~· 

t ·' 

.·;. . 

:;,;/ 
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•, 
Nucleophilic reactions: Even weak bases attack the su.l:f'ur molecuJ.e' in 

- 17 , - 18 · · a. 250 · 1: 
solution and Ph

3
P, CH , and [ ( C~ )2si ]2NN , for example, open the ~octa-

S ring and degrade19 the chains under formation of the corresponding S-cc~~pounds •.. 
t' . . 
t; 

•. .Ammonia and _triethylamine j: however; react rl th the sa ring only in the p~esence 
. . ~· . 

· .. 
· .. · . 

. _:~ ' .. 
of aryJ.sulfide. The reaction with arylimines is not yet clearly under~tood. 

• - .· J 

OH reacts with s'ul:f'ur at 100° quickly and leads to the formation of 

. .. ' 

..... 

' . ~ 

._,_:~thiosulfate which then decomposes on further heating into sulfate and sJf,.ite. 
]· ._.· 

At temperatures above 200° the latter ions are formed d.irectly from the ~ement. 
, I 

·. , The most important reaction for our discuss .ion is· that of the SH- ibn. 
f 

:, . . The SH- or SxH is often present as primary impurity, or is easily produced 

through the reaction of hydrocarbon impurities with hot sulfur. It polymerizes 

· · · · t~ long polysillide cha.ins which in ~ respects react very similarly to the 

·. '. , . 

l .· ·. 
~- ' 

. . •.·., 

chains of the element •. ·A m.ixture of elemental and sulfide chains can hardly i 

be separated. This is responsiilbiU! for. many of the confusin,S; and contradictorY" . 

observations assigned to the pure element. (See, for example, dat~ on viscos­

ity oi llqu:id S • 12' 97) 
. . J..L . 

t . -.. ~. i.· ,. ' ·.··· .. 
'·'·.· . 

·, 
' . 

. ; . 
... · ·y·_·, p :,.~ ' . 

. ·; .·. 

If' sulfur colloids are stabilized with NB:
3
, sulfide ions are also present. 

Electrophilic a~tack on the sulfur r.ing has not been observed .in solutions, but 
\ 

occurs inthe presence of concentrated acids • 

D} Reactions at elevated temperatures: 
• ·, .• ' .•.< 

. '· 

' 

;~ ,· 

..... ....... 

: -;. 
. ·.,,· 

·. .. .. +D'Ur.ing the preparation and purification process suJ.fur is e.ither melted 
·.,-:-: . . 165 

.or evaporated. It reacts under such conditions with air and almost any 
' ,~ . 

. impurity. Organic contaminations decompose slowly and form mainly so2 wh.ich 

. · .. . ~vaporates, l9l 132s which·. is ·highly soluble in the inelt, 254 ·and carbon, 291 

. ' . . ' . . ' . •'. . . . . . . . · .. ·. . ' J.2 
c "·· -. wh.ich .deposits .-togethe!r with ·a .IIlixture :of ··insoluble material_. Such· carbon 

. . - ' . .. _· ' . . . . . . 

·,. _.:-. 
·. :. deposits are black end:·~ se~itive· indication . .for the presence of impurities 

·, '. 

. .. l·; •, 

··,. ~- i _. 

" . . {, . 

·' t ·. '. 

·-·-

'·I.', 

~ :.. .. . . 
,_.··. 

,·,·.· . . . . ~ 
·' '. 1;-: .. 

''\:· 

. -. -· 
. · ..... 
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·.··. (see page 11).. Simil.a.r spots rema.in a.f'ter the distillation of su.J..f'ur frQ}m 
. ~ 

,; glassbul~s .. 1 32 - They are believed to come from the formation of SiS and o\her 
··;,.. ,., t 

·l ., 
sulfides on t~e glass surface whi~h is quite reactive at the boiling poi~) of 
. . ~ 

sulfUr. No reaction is observed ~hen the element is vacuum distilled. ~artz 
-~ ' 

glass does not react with su.lfur vapor below 1000°C. . Black deposits fo:rfled in 
~ . t . 

. pure sulfur ha~, also been ei,plained by assuming' a new modification. 256 r"(see ·.· 
l ' ,' 

' ; ' : -. . . J~' 11black sUlfur") } ' ~ 

l 

E) 
i 

Other reac~ioll.S: 

. . 133 175 sul:f'uJ: forms dark blue, quasi-metallic solution in ammonia · ' and 

other liquids. With oleum or so
3 

a red product is precipitated, which is be-
· .. : . . . 151 . . . . 

., .. -. '•:: 
.··.:'·· lieved to be (SO 

3 
"S:xJ• In a.l,kalihalide :melts almost any color can be pro-

. - . ~. ' ,_: : . 
-.~ . . ' . 

" . -\ 

~7 . . 1~ duced and:~-remains after trapping for a long time.. Some of these solu-

. 151 
. tio:ns are paramagnetic and contain different active species, but only very 

"little is known about such systems. 
. . . . . . . 138 139 67 

Sulfur and Selenium can be interchanged. in crystals ' . and chains · 

· · ' · · ·••·. bUt, not in ring~265 and the Se-S system has been studied with the help of radio 

active isotopes in the liquid265 and. gas 71 phase .. 

3). Purification methods 
'" '\, 

Sulfur is often considered 'pure' ~:.if' contaminations cannot be observed 

."'.' s '. · or do not interfere with an arbi trariq selected set of' tests. The purity ,. 

. ,;· ··requirements however ya:ry from one experiment to another, and the above 

' · ·.•~ definition is on.l.y sufficient if the tests are at least as sensitive to con-

taminations as the investigated properties t Crystallographic data and lna.ny 

o;ther properties o::f sulf'ur can be studied accuratezy on volcanic crystals, 

. but iess thrui ·'4% contaminations cause· a~ea.dy an inconsistent Viscosity of 

, ·.the mel.t,~3 and +002:'.~.!' so2 ~at~e:i;he :reactiOn with ~liphenyl.phosphine. 21 

,., 
•, 

• t' -

'.~: ,•, 

·~ -~" 

. ' 

',) 

. '; ... ·, 

. .. ~. -
:..' - .. · 

<· 

. ; 

l. 

' 
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We will list here same methods which can be chosen to puri:f'y sulfUr to 
~ 

. ~ 

. ' ~ .... the desired grades 
: ~ ~-

A) Conventional method.s:132 
.' .. ~· ~·· 

The most commonlY used and most unsatisfactory purification procedute is 
' . . l 

to recrystalli~e SUlfur frOm. organic solutions. . In this way- one can obt~in · 

" · beautiful cry~taJ.s, 302 but they contain besid.es sol vent inclusions still~ mo~e 
' . . .. 

'" . . 21 '. ;J . 
. ,. than -3% ~s and' .<>8% so2. ' The cs2 inclusions in a Sa. crystal grown ilj' tbis 

: , <. · .wey have lead to a. wrong assignment of the in:f'ra.red spectrum. 271 ·( 
' .... ' A 

Often sulfur is separated from insoluble impurities by filtering through 

.... ' ·"1 
'-~ ,, . glass wool. 
'\~~ .. -~ ·· .. ~ ' .. 

This process does not remove any soluble impurities, but helps 

" .. . to sa-:f;ura.te the liquid with atmOspheric gases and frequently introduces dust .. 

Another :method consists of washing sulfur with acids. If this treatment 

is not very carefully controlled and completed, it leads to a sample saturated 

with water, acid and oxydized organic contaminations • 

The distillation of sulfur under atmospherict\: pressure cannot be recommen­

. · ded. The pyrex containers react at elevated temperature with the element, and . 
. ;.: · .. ·•. 

many impurities distill together with the sulfur, and react to for.m new compounds. 

~) New M~thods t 

~-. 

During recent years two conventional methods have been sophisticated for 

-the production of a very pure element. The first ~s zone melting and was 
. ;_' 1 8 . . . 

· :. · used 7 to grow crystals of Sa. and- Sf3. · The second is an electrolytic method 
. . 2 . 

which was developed by Rickert. 33 . He designed a Pt .. Ag~AgS-Agi-Pt cell from . 

.· . . . 2~ 
· which· sul.fur can be released quantitatively.. . 

. . 
]!r8metsa91 has proposed the use of Chromatography for the purification and 

separation of, sulfUr illotropes 'on Al2o
3
· and_ .silica gel columns with :cs2 as 

. solvent~ . ?Ut the reaction· of. sill-ur with. the •. column material20 seems to 

· . .,' .. 

.. ,'. 

' . 
I' •,, 

. ..,., .. ·:·· -~· . 

. .-·~ .,..., . 
' .. ·. -~. . . 



. ',· 

.... 10- ; . 

. - -~ 

·•: .. · .. ;._· 
.,, t: .·. 

' de'Val.ua.te this .otherwise elegant method. Sche:nk e.tid coworkers248 obse~ a· ./ · .· 
~ 

. -1~~- /:~ 

.. · .; .: very sm.8l.l. £-value for the separation of different sulfur allotropes ·on :g~per,';,: . , 
~;~-- ' ,. 

With a cs2-ROH mixture• Mass spectroscopy has been applied. for the enrirent 

n 
?-of isotopes and. the sep:~tion of pure su.l:tUr in s.mall quantities .. 

c) Classical Methods: 
< 

a) J3acon and Fanellil2,l3 prepared sulfur which has a reproduJ~ible· 
if; 

Viscosity over the whole temperature range of the meJ.t: 
~ 

sulf'ur is boiledf~for 
·74-
~_.,.. 

lf 
48 hours together with,2% Mgo. The liquid is then filtered to remove precipi-

' tated impu:ri ties' and the whole process .is repeated twice e 

·. -{ 

.·. This method has been widely accepted and most data reported since 1943 .. ~-

.·· i 
has been obtained from samples purified in this wey. There are two draw· backs 

' · · to this method. First, the material is saturated. with atmospheric gases each 

t~e it .is filtered, and.second an appreciable amount of Mg-salts,l93 .02% ~S 

·~ . ' 

<' . ~ 

. . . 21 
and • 006% so2 are in the melt.. If', however, the suJ.f'ur is vacuum distilled 

. 180 after the preliminary treatment,· both disadvantages are removed. . 

b) Murphy, Ca.lbaugh and Gilchrist193 use the following method •. 

Sulf'ur and sulf'uric acid are heated to 150°C, and nitric acid is .slowly ad.ded 

over a period o:f,.6 hours. The melt is then cooled and washed and heated und.er 

reflux With Helium or dry nitrogen bubbling through it. The sample i.s after..:. 

wards cooled again .and transferred into an ampulla. Water is ad.ded and the 

ampulla is sealed under nitrogen and heated to l25°C.. The last process is 

repeated three tintes and the Sulfur is .then outgassed at 10 Illlll Hg Nitrogen 

and finally sealed iii an ampulla.o. 

The authors indicate the testing methods used to determine the concen­

tration of contaminations • The above procedure yields a high purity material 

, on which the :{?resent ~~es295 <of the. melting points of sulfur are based .. 
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; .. 
.? . -11-

f -' .. :-

: ·, . ~ The method is· however time consllli1.1ng and requires severa.t high \" :· 
·~· . '" ~ 

.. purity ch.cals. In addition, the concentrated acid and the water treaitents 
' ' - ~ .· '.. .· . 164 . ' . v . 

. . . . cause the f'o:rmation of' new compounds, which can only be removed throug~ long··· 
. ~ :~ 

and careful outgassing.. This method has therefore to be combined ~ t:h. vi~u:um · 

distillation to give the best result. t/; 
.t· 

,~,\~-

,: .:::ci): A very simple and efficient method has been developed py~~ .. Y· 
Warten~erg .. 29°, 29l,292 Sulfur is melted in a loosely covered roundf'lask\~d 

·. a red glowing quartz heater ("-700°C) is inserted into the melt. 
' . ' 

.; 

A carbo!f de­
f 

posit is formed on the heater and should be removed daily. After one week the 

_.. . flask is connected w1 th a· pmnp-system and the sulfur is under vacumn distilled 
.... \'.- ;'~· . 

; "•. 

·". ;_·. 

.. ;. 

·. ,. ·~ , .. 

. ~and sealed into an ampulla. 

This p~ication method is based upon the following processes. During 

the long heating time a.1l. material is brought into contact with the heater. 

The impurities either decompose completely and f'orm volatile products, which 

~scape, or insoluble :carbon, which deposits on the heater. Skje~en255, 256 

·. proposes to bubbling so2 through the melt to .enhance the decomposition and 

.. removal of' 132s. In the final vacumn distillation, the sulfUr is separated f'rom . 
. ;": _.. 

the insoluble.~~sidue and outgassed • 

·, . 
'·, 

.. • 

This last method seems to us the best wa:y f'or purif'ying sulfUr. 

Methods f'or a quantitative determination of' iinpurities are given by 

; ' ·.' · .· Mur,Phyl93 and ma.ny others. l3, l32 Several tests indicate quantitatively th_e 

·:· "' .. ·· 

........ 
' ' 

.. 't 

. .; .· 
. ",.. .· ·~ 

• ... '.-, ..;_ 

.. : ~·. .. . . ..... . ,· 

·, 

'>.; I - ) 

presence of' impurities; . Clean sulfUr is light-yellow._ At the melting po·nt 

· the liquid is pale yellow and has a lower viscosity' than water. It does not 

wet the glass vralls, nor does it smell~ After heating the yellow color of' 

the. solid . is· reproduce,d. .As :Jittle as · .'04% . Oil produces black spots in the 
. "-

'liquid• , :Precipitation:· c.omes. f'ron( ~talsul:t'ides; dust ·or silicosulf'ides • 
' J • .. • . .• i.: 

· ... ":. '~ ~ ~ ~~ 
• -.,. 'l' 

.. :,' ;., 
• ·'· _t-- ~· ' 

'" 
· . .]_ .. _}:. ·..._ .. 

·1. : . 
•,'T· 

t ·' .. 
,_ ·, 

,. 

·:. ~· i, ' '~ . , ... ··: 
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. ' • _~J. ~ . .•.• r:v • ALLOTROPES 

· .... ···:_. 
·:~ .. ~ 

· ... ~- ~) :Berzellus3° introduced the term aJ.l.otrope :for the different :forttfu in 
J:,;~ 

. which an element can eXist. Smits, 264 de·•:Leeuw, i73 C~pisaro:f:f, 56 Hartnulih~42 . 
~ 

• . and rila.ny others, 541 168 
have deve~oped theories o:f allotropy. We wi~l t~: ·. 

•· · here a molecular p·oint of View and distinguish in . between two sources :fo~ 
. . ' 

the variety o:f the appearance o:f sill.t'ur:J first, the different wa:ys •·in vr~ch 
•• -60 • • • • ;; • • ~ • 

. ·. i . 

the atoms can combine into molecules 1 and second. the different manner in; 
I 

'Which the molecules can build. up crystals. · We will d.iscuss these intraj and. 

· ·. inter-mo~ecular arrangements separately. 

A. Molecular Variety 

Sulfur :forms rings and unbranched. chains. Molecules with 1· to ~0 atoms 

have been observed in sulfur vapor .. 26';3o6,33 In liquid S; at a temperature 

_betwe~n 159° and the boiling point (444~6°·),~76 polymer chains predoi:ninate. 

The average chain length Varies in between 8 and .105 atoms .. :279 At the melting 

point the liquid is a mixture of catena---octa-sul:fur (Sq-) and cyclo-octa-sulf'ur 

(s
1
)• ..By sudden cooling all o:f the molecules mentioned can be·:trapped. as 

solids, but o~ cyclo~octa-S;·SA.' is stable at room temperature. All otb~rs 
' ) 

convert into the A.-form with a hal:f'-lif'e in between about a milliseco:n.d l:w.ld 

.one year. 

The comparable stability of a variety of' different molecules is typical_, 

.. for sulfUr. This has to do with the electron configuration ((Ne)3s23p4) 

. } . 

·which is similar to that of' Oxygen. SUlfur has however a full Neon sheli 

and em:p.ty d-qrbital.s aVail.able., ·rt is thus gener~ assumed3,94, 204 that 

sulfur can.activate these· d.-orbitals for the· :formation of dG hybrid.s and. dll 
,., .. . . . . . . 

bonds • 
•• • • - • • ·'"' • ••• , ... •' <;. '· •• 

This as.sumpti.on reqUires a break-down of the octet rule, and it is · 
... . ( ... 

. ... · ... ~ .. '! 

;,_. 

':.: .. :·. 
..... , .. ~ . ( .. 

~ '",_· ... 
. -. ~ .: .. -~.· . .'• 

-~ . . .·. ~ ... 

... 



··'· 

,'; f . . 

',. '• 

·,·,. IV"'* 1 ·,. .. 
; 

•" . ...... } . 
believed that·"Qoth 'electron octet 'a.nd.dece-t;.(for·example in ¢S

2
)).confisFatio:ns. 

can.e:id.st. 'Large~ chainS have "b;1.radi~al:·c~S:cter118, 120 and therefore o~tet . 
'- . ·. . .· . . ' : . .: . . . ~ ,.. - . . ~ 

.·:~·;.·structu;e,(I)while small chains might;be stabruzed by re.sonance~1'7!, 24!(see 
., ' . - ' . . ~~- ···: ·': ~ ' ' 

' .• ·. _: t .• · - ·. . ....... - . . '· - ··.• ' - ... : .·:·'; ~ .. ·::-.. ·:·:. .• · . '.. . • . •. - ,.·· ••. . ' • ., • ~'. --~ ·. 

)' •': ,' ' .. however fL. ·. . · · ~:~ 
' '! "' .,, . 

' • ~ ·.'•o. 

.. ' 

.·, 

.· .. ·.,-

. r; 
\ - -

I·). ·§"'~~~§,..§~ . ... ·, .. 

II.) '2~8~§~~s~~§J 
III.) e,:§"_a,~:§W:§'.§. + 

': 

-~~f-. 
. :...~ . 

·~ ... 
. f. 

·,,: .. [ . ·· :, : . It has been indicated~ 25 however, that the promotion energy for a decet ,r ;ght . 
I" ' ·' \ .. • ~ 

•.' . . ' ' ' ' 1 
.< · ~>:be much larger than the energy gain through a dp1r . 79 bona. · The ionic struc-

.·. \:: > ture209 (III) has not been observed. . . 
.. . 1\ .·,. ;' 

··.· ·. . ' 204 . ' .· 
Pauling discussed the stab ill ty of the different molecules in terms of ., 

•. .. . the. bond distance, the valence angle and the dihedral angle. .Appep.dix II 

.·,. 

... 
'; .. · 

lists recent molecular data for cyclo-octa, cyclo-hexa and cate~a-poly-sulfUr 

· and some average ya.J.ues deduced from various sulfUr compounds.. The cyclo-octa 

•• -~ • !t .... 

.· . ' 204 
·· molecule is the most stable one and is assumed to be torsion free. The 

.· '.·' :' stability of other molecules can be expressed through the bond stain, but . ' 
._. Pauling's values seem to be too high .. '-, ' ' 

If one uses recent data (see .App. II) 

_and computes a s'im,ple semi-empirica.J. MO-LC.AO mod.el as proposed by Bergson, 25 . 1 ,_ 

· ·· ·. ··. '' the· torsion energy of cyelo"'*octa-S (SA.) is not zero, but is ollly~:about half 

as big as that .for the cyclo-hexa-S (s.). 
' p 

Recent d.ata.for catena;..poly Sand 
'· .·., ' - ' 

· /, for cyclo-octa-s indicates similar values and makes it probable that they are 

_both nearly torsion free ... 

The syimnetry of cyclo-oeta S (~) i~ .n4d;. The mo~ecules is a puckered 

' . ring. .·· The .. top. tour· and the bottom.' four atOms.· ea~h· l.ie · in:::the .corner of . a 
. ~ .~ . . :, . 

· square_. . The· .two squares are .parallel at a· distance of 1.~5! , concentrically 

. , ...... " . '•' '':i· J •. 
· ... ~--. ·:. . ~ 

-_r. 
'. 

). 1.'·... . ~~- . 
. :. '• .... t·,; ·~·. ·. .., '< 

.. 
~, '· . •, ~ 

,, 
• 1 ... . ~·-..... ,. -'· 
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turned against each other at an angle of 45°. 
' 

0 ' 
The .edges are 3.31 A longl the 

l 
:t', 's-s distance is 2.059 A (see Fig. 1, .App. ·.II) .. The cyclo-hexa molecules e< s. } . . . q p 

forms a puckered ring with D3d symmetry. The bond distance is 2 e 057 .A. ie 
.. open chains of catena-polywS (S ) form helices. 

j.1 ' 

~£ 
Their structure is not 1~t _,. 

·~ 

. •.' 

'.• 

·· · ·. ·!, completely known, but it. seems that a unit cell containing tep atoms in three · 

· turns is part of some superstructure .. 223 This structure wi.ll be further~ ex• 
; 

k 

.. plained together with ~· For other molecules, such as cyclo-tetra S a~· . . . l 
cyclo-deca S, structural data have not yet been :measured. (See however Jlil€:t'. 

!;' 
~ 

· · ·.·. '177) These particles' are very unstable and ~e not important for the dis-

• ,.! •• cussion of the properties of solid allotropes • 

.:·- :s. Intermolecular Structure 
.•. .;. ~ 

Tb.e S molecules exert only short range London forces upon each other. 
:, -

Sulfur therefore forms covalent crystals which have a low lattice energy. Op- . 
-~ •. ·.;' 

· ·' timum energy in such a solid can be accomplished by different intermolecular 

,. ·arrangements.: each atom can either have few but close neighbors, _each giving 

a high individual interaction energy, or have a high number of neighbors at 
:~ ~--- ' ·.··, 

: .... · an intermediate distance, each giving rather a low interaction energy. This 

explains wby sulfur can exist in many fairly stable polymorphs. 
' . ' . 

"· 
(For the 10 

polymorphs of SA., see IV, 3, E.) It is interesting that of the tvri::) .vre.:U .. kno-vm 

,,. 'allotropes S (bUilt up from unstable cyclo-hexa-S (s,.)) has a higher number 
€ p 

' ~ . ·.:: 

·of' close neighboring atoms than Sa., which consists of the stable SA.. The 

·first allotrope has, therefore,· a higher density and a more stable lattice 
. :. 

than the latter.· 

'fable rv, l indicates the order. in which the different .forms will be 

·. discussed.··· 
· .. _· .• ~: 

..-
. .. . 

~-... . . -• ,:, · .. t . 
.,. 

·,,.i 

. i 

. :_. ~ .. .... ··-
'- ~ . .. •; 

·, .... ' . 

·. ~. 

.• 
· .. ·.;. ,.i.·.' ~ 

. ' . ...... 
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TABIE IV,l · PREPARATION OF ALLO'r:ROPES 

~e stable .allotro~es (s~, S~j S~) are formed from all other forms within a time varying from 

'_- l/lOOO_ sec to l year. (See Sec. II) The unstable allotropes are here listed corresponding 

~ ~ ~o--t~e_i~ preparation method. / 
;, 

~ '·I . ..,. 

.. ;. ·' 

,, 

..: ! . -~ .. 

Eisted in Starting Material Main Components Unstable. Allotropes Stable Form 
_Section ( STP) -. · 

3A · · ·· · ·.solid Sa. . , Cyclo-octa-S (SA.) a) metalliri-S 
· · b.) irradiation .. s 

'- .. 

~·· . ... -

td 

· ·· 3B . SA.-.solution Cyclo-octa-s (SA.) a) photo-s, b) y, c) s, 
d) 11' e ) ?'.8, f) * 1 g) o, 
h) f 1 1) T 1 ~)ae 

' .. ·..; 

-.~ . .' .. 

:. , ,' .. ~ 
., 

.,· 

·3C · 

3D .. , 
3D 

.. :': ~- ~ 

" .,.~ '• .. -
Liquid sulf'ur 

Sul:f'ur . vapor 

~ ·~' .·. 

3E ·Compounds 
,.- :.. ~~ 

3F Vapor and solvent 

.,·· 

'· 

···~,· 

Cyclo-octa-s (SA.) 
Catena-octa-S (s ) 

· Cate_na-po~-s (S!J.) 

Sx: 1 <X< 10 

Sulfides and sulfoxy­
acids as intermediates 

a) Tr, b) t., c) !J.,· d) v, 
e ) ~ , f ) If _ :. 

:·~. .... . ; .'-
) 
} 

·. al. ro, b)· m, c) yellow, 
·· .. · d blackj e ) purple, f) red,, 

· g -green, h) violet .. 

a) p, b) € 1 c) r~d, ·d) m, 
e) v 

a) blue, b) maroon 

~ • .,..._. :'>. 1;. :~·,··- •:-:':~:.··:~=· ',": '.r• ~.::•. ·~·- _;.._ ·:•'(:-c' ti. ;~ 

' 
In solution_, a 

. . ~ 

A. \.11 
l 

In lattice, 
a,. 

-'f.<L·'I"· ...... 
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;. .. ~ 
/ 

~ . - . : 

(_. 

2) Stable allotropes: 
\. ~ t 

At STP the stable sulfur allotropes are the cyclo-octa-S (S~) molec~e·:. ~ 
. ' . . . . t · .. 

and the Sa. crystlll. Between 95•3°C -~~and the melting point s
13 

is stable.~~ There . 
. "' • '.,1 . 

... are indications' that other enantiotropic forms might exist, but no other~~table 
~~i:~ 
.:>.: 

,. allotrope ha.S yet been observed;. 

A. s~~. 

The term ~ was introduced by Berthelot, 29 .and it is the short name "for 

· .•.. :. the free Cyclo .. octa-S molecule. The properties of this particle have been. 

di.scussed above<.':c·Erametsa85-93 uses the name ~ for 'the crystallin~ part of 
' . ,· -

·' ·the melt'... This definition seems to refer to the fact that most crystalline 

.modifications of sulfur are built up from this molecule .• 

The SA. molecules ·i.s stable .in solution and occurs in the melt and the 

fro~en iiqui.d. Kuester169 discovered that SA. is at higher temperature in 

equilibrium with S ,. It was later demonstrated that SF is formed as an inter-
. 1-L· 

mediat<; in this reaction. The equilibrium A.~ Ti" is photosensitive and :favors 
..... ·. 

~ . at higher temperature STi , . whi.ch'-';ti.1a biradi.cal and is the rate-d.etermining. 

particle in free radical reactions of SA.. The value for the homolytic ring ., 
·• scission is probably around 30 kcal/mol (See App. IV). In liquid sulfur the 

-~~ :_ ... 
. . ~ . ·. 

enthalpy of the over-all reaction i.s 7 kcal/mol, but this includes secondary 

-~ .. reactions, such as the solvation of Srr in SA.. In the dark and at standard 

. . temperature, the SA. ring can be broken by nucleophilic attack. As little as 

. :.oo4% E2S.or .002% so2 catalyze such reactions of SA. with, for example, tri­

phenyl:phosphtile.21 It solutions are cooled or evaporated, SA. crystallizes · 

. as the ··stable S . · ·form or as one of 1 ts . m.a.nY un.Stable poly.m.or:phs • · (See Sec. 3B) 
.a. . . . ' .·. . ' .. " '. ; 

The uv, 1T722'~3··iR1~ ~d-Raman224 ·s:pect;a· ~f ·sA. have he~n only :partly analyzed. 211, 251 
. . . -~~ . ; _·. ~ . _. ~ :-: ' . ' . -· .. ·~· .. . 

. •; 
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a. 
~-.:1 . 

Sa. is the only stable sulf'ur modification. at STP and ali other allottppes 
. . . . .. ' 160(f ... 

therefol_"e convert ultimately into it. · This.:·moci.i.£ication is well known (ie.nd. 

'J ' :. 'rJ .... will not be fully described here. J3roen:ted.44 discovered that the a.-cry~~als 

• ....... ,1 

;.-,. 
:;\ .. 

• ~ ·.":-! 

\.~ 
.. :·. 

,. ·~ ·•." . I 

•, ': 

. ~. . '(' 

... . . 

' cont~ s8(s));molecules.
1

99 Burwell
46 

determined the crystal structure,t 
,,. . . .. . . . 82 jl·" 

which has since been .:re..;studied care:f'ully.3,5,57, 2 The symmetry of the 1(,~ 
. . ~ 

; . . . 24 . . .. · . . ...• 
· · · crystal is n211 · -Fddd., the symmetry of the molecule is D4d and the enviro!m).ental 

. ~- . 

symmetry is c2-2._ One ·:hundred ~ twenty. eigllt atoms form the unit cell (Fig. 

·l~a) The lattice constanta1~8. -are·, after the most recent measurement,55 six 

· · ·. significant figures: 

a. = lo.44349 K 

b !:: 12.84009 

c =< 24.43665 

a: b: c = .81335 : 1 : 1.9032 

The a.-crystals often grow along unusual surfaces; for example,· along an 
. ' 

. . . 86 87 
;~ axis which is parallel to the (101) face diagonal. ' Therefore microscopic 

observations of the crystal growth in solutions (see 3B) often lead to the 

· discovery of dif:ferent looking crystals, which haVe been frequently mistaken 
'· . 

for new modifications. (e.g .. see S ) .r 
The melting point of sa is 112.8'·":, but above 95·31°C the stable mod.if'ica-

,1.26 ' . . 
(ide~ mp 119.3) The *naturall melting point of sulfur is ·tion is S • . . {3 

ll4.6°C.. Melting points are generally studied by cooling down liquid sulfur. 

. .' . . . 94 143 295 
The transfor.ma.tion of {3 into ex. has been studied extensively~. ' '· The 

62 . . 
Das re-examined 

this rea.ction B.nd .. COn:f'irme~. the fast _conversion of. undercooled. Sif3 into S ;a! 

. but ~sc~..., .. ~ that o~heate~ S"ls c~~~ed orJ4' ~ry dowly into S ~. 
' - j. \ .. 

·, . . ~. •' 

··., ... 

• .t '. 

.. ',·:· 
··.,. ·. ;_ . .; ~- . ' 
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. · It seems that the formation of s
13 
f'~ Sa. has been studied rarely and tps . 

·.<.>strange behaVior cannot yet. be explained. ~-The self'-dif:f'u.Sion of sul.fw:1I in, 

. !c. S has. been ~tudied by.· ~eback. 57 .. The UV, IR and Raman spectra of thl~ 
·. .~ . . . -

tt . 
The reactions of 8·3• and 

.:P. 
·. ·· modification have been well ~tudiede (See APP• VI) 

.·-:,· 

-.the ·conversion into other allotropes are discussed elsewhere o (:@i:l,ge 191~ 
;f 

c.. sl3 :, 

sf.! vaS discovered by Mitscherlich, 1.89 and hes s1nce240 been often ~~U<lied/58 
. but there is still .a Irzy"steriou.s199 ·lack of infonna.tion about this allot:f:.ope 

i , ' 

·which is stable in between 95.31 °C and the melting point. It is found. iri 

·. nature and it is formed whenever sulfur solutions or liquid sul:f'ur crystallize 

within this temperature range. -:Below 95·~o 143,l46,l47 S.B converts in Sao. The 

equilibrium of these two forms has been well studied94 and phase diagrams for 

; . 81(3 and S tt and the heat of transfo~ tion (~68 oK = 401. 7 J/ g) are included . . . . . . ~ 

in almost a:ny f!~sical ·Chemistry textbook. Das has· studied this equilibrium 

by observing S-crystals packed in a thin cellophane film and has-found that 

overheated S converts so .slowly into .B that this transformation cannot be 
(l. . 

observed. The 1ideali melting point of 8
13 

is ll9 .. 3°C (compare Dufraisse: 

J22. + 0. 5° C)':;, The liquid sulfur, however, di.spro)?ortionates J?artly into 

8 1f , w.hich forms a self' solution of sulfur in SA.' and this leads to a melting 

. ! ... point depression which causes the 'natural ,J25 melting )?oint of S to be 
,· . l· . 13 

··: -114.6°C.. The stepwise disentangling of th:ls curious behavior of the melt 

·will be discus.sed together with S .. 
. . . 1{ 

. . . Big crystals of S.. can be easily- grown from boiling organic solvents .. 302 

.. ' . . . .· Jl . . . 46 
:' The symmetry . of_· f)· was determined by ;BurwelJ.' . . ~~ - P21/ a.. Forty-eight 

- atoin.S (6 Bx. molec~es)199, se~-~o,fo~ a·u~jt. ce.ll with either. 
' -·:. . ~: .. : ~ :-: : . : ... ,·' ,. ... ' . :-

.. ' 
·' \·. ·• 

',1.. 

.. ~ . 

' _.· .. •,: 

··''· 
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·994 : 1 11.005 , but the details of the'~~ 

structure are not yet understood. -.Same x ... ray data289 d,.o not show a:ny di~er--
~:, 

' 'li 
ence in between Sa. and !) vhile _others -indicate that the ~ molecules ro~~te 

' - ~ 

· - ·· .. freely and that at least two of th~ are· centro-symmetrically stacked. lt 
density of s.

43 
is between 1.96- and .1.93. grjcm.3~ which indicates a looser p~~­

"~ 

· ing of ~ molecules than in Sa.. 
.'l,.f'" 

• ~ I 

3· Unstable ·Allotropes 

We vill · now deduct the various allotropes by ·exposing stable sulfur 
'· 

forms under different conditions to various treatment. (Table IV 1). Several. 

·parameters are needed for the determination of an unstable sulfur g,ystem. 

Some of the most important ones are: The temperature of the sul:f'ur source 

(Tstarl?.' the formation mecha.n:!,sm, the preparation speed .(dc/dt), the obser­

. . . . va.tion' condi tiona (Tend) and the age of the sample. 

If not indicated otherwise, the observation conditions given in the 
' ' ' 

following vill be standard te~erature and pressure. · 

· . A~ Allotropes formed i'ram S : 
' ''\_ ' a. 
All the conversions of this allotrope which have so f:ar been ob-

served, involve a change in intramolecular structure, generally a transfor.ma­

- _ tion or' ~ into S, or S!-L chains, and transformations of Sa. into poJ.smorphic . 
- -

· .. forms, .such as S/3, have not yet been observed. ·The possibility of enantio­

. tropic transformations g.* 13 f:; rE? a., is discussed in Ref's. 142-147. 

a) Metallic sulfui. ... Bridgeman 41 exp;sed s to static pressures - . -
.' - -' ' a. -,' 

' ) 
·of up to 100,000 atmospheres, but no new properties or new forms, could be· , 

• ·, -' ' - - ' ' - 65 140' .-' - ' ' ' ' 
· observed._: Hamann , ' :, r and co...workers appJ.i-6d. dynalnic pressures of up to -

-···. 
• !' .T •'~ 

., '",· i, 

-' 

... 
. · ;/ ·.· . 

-· '· .. 

i"'· 



~:~· ~~-;:.~::~~~ ... :-.. >~?-~·~._-: .... :. _ .. _. ·I ~~ _ ~. 5 ~--~ .. -~,:~~--~t~:- ·: :-~; ··: -~· ~~-.-:~i, .:..; , .i.-.,;*.-~~:")~~-"Y.l- ,~~-~n:t--:;;-=~~- b: .. :..·af_~_, J?t~-f;&rp~ .. ::-~o-·_..:_-_;7-~?:~-.d/ ~:: .. _-::-.:;/~ ~-.:-.!:.,..,§..:. · • .:; ff;-~ ... ·~·~··:. ~ _--~- ::. · 

:"i 

1 ~~ ,· . 

3'). ·_:. 

. -,}_ 

.. '; 
-~ :: . IV 3B .. 2o-. 
. _, 

,._,·. 

,. . :. ·-·--r.: .- -~ 

~}l~ ,> .· 230,000 atmospher~s (~1000°K) to Sa. samples and observed a low electric·:~- ,, . 

~~;( : , . sistance. They :pro_posed a metaJlle form. to be :responalble for this obse~a- _· .. _ . __ . 

. • - 1 :;{~:> -tion. It is not clea:t; whether such a form. re~ exists, and what .its st~~-- ·. 
r·· [-r-

. :{ 

..... ·:; ture ana. properties would be. .i~ · 

· ,~!. ·:~ b) Irradiation Sul.fur- a., (3
1 

and yradiation73,l34 can breJ the 
.• ;~ :< ~ 
, -}, -;, s ... s bond. · T:hu.s, the cyelo,..octa-moleeules (~} are cut into catena-octa-~~ 
. . f> . . ~~.~--: . . . 

.. {·: ;-, 

{···~-- :·. (S11 .) and possibly even into smaller _fragments. At STP, the recolll.binati~n 
'.- -~: ~"; 

· .. ·· _., . ·, ··,; . rate of all. these unstable particles into SA is so high that only f'ew :rrJ~ 
;! 

- · . .-: __ ... 

·' ·- -:· 

•-,• 

f. 

:-.: ~ 

radica.;Ls can be accumulated, their c:oncentrati.on being roughly proporti.o$1 

--· to the intensity Of' irradiation.. l3ecause of' th.is statistical chain scission 

-- ·.· __ .. and recombination equilibriu;m, a.lJ. unstable a.ll.otropes ,reconvert under irradia-

tion quickly into ~ which then crysta.ll.izes a.s sa.. It has been observ§!d "]hat 
. . 

75 me of f3 radiation, 200 mR of a. and 600 w of r radiation CBf consume .Smail 

SJ.L samples Within an hour.192 At -29!)C SJ.L (catena-~ly-sUl.fur) is metastable.19° 

Belovr.:this temperature small chains formed through irradiation can _recombine to 

.. a mixtu:re of SA and BJ.L, and at still lower temperature other particles become 

metastable. Very few experiments have so f'ar been performed with enough irra­

diation69,288 to produce substantial amounts of such unstable components.. Rice232 
. \ 

'· 
exposed S to 40MR of' y radiation and observed a red colore Other authors dis-. a. 

' . 00 . . 
_ .·, ·- . cu.ss the electric conductivity2 of such samples. Dha.r72 believes that the 

_.· .· 

su.lf'ur bonds in S can even be broken by W. traviolet light.. · 
a. . . . 

< · · .Ba.:rtlett17 and other authors u.sed the name irradiation-S a.s a synonym 
-··.· . 

. --~- _fo.;.photosulftir (See IV,3,J3,a). 

· ..• ; :c B. Allotropes crysta.lliz.i.ng from solutions of' SA. 

· :_ Sulf~ is soluble ·in ma,ey organic ·sol vents •. · At. STP a stable solution 

, contai~-,cyclo ... oct~ ... s _(~).··_(!or,unstable _forms see. "photo -s~ur~) :Both, *n 
. . . •.. , 1· .. 

. ; . ·r ·• ',-~ 

··-, .. · 

:-.··-
.. ......_·. 

; • ( : .3· 

·, 
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increase in concentration (adding or .:forming more sul:f'ur) and a ;reductio;p. of ~-
~ .t• 

• the solubility (changing of the temperature) bring about . the crystalliz~~io£ 
' ·. . . .· . ~ . 

of allotropes which all contain ~·molecules •. In a crud~ wa:y, we can d~~cribe· 
. ~ 

· ..•.. the conditions for the formation for different solids by comparing the ~·-
, 1>.: 

cipitation rate ((s)) With the rate of the lattice groWth of s ((s } ). ~~~e 
a. a. AI:\~ 

shall discuss .here thre~ .cases.·. First, whenever (S) < (S ), the a.-modiftcation 
' ' - a. . ~ 

¥ is expected to crystallize. The higher the difference is between the twi 
.gradients, th~ bigger Will be th~ si~e ·of the resulting alpha crystal. Second, . 

in the extreme case} (S
1
)>> (S0) , no crystals will form at all, and the sulfur 

.. ... 

idll preCipitate in amorphous form. Third, i.:f (SP) ~ {Sa.} crystals will nu-

cleate in ma.ny places and in a variety of structures. wherever some. kind of 

lattice energy can be gained. The crystal growth will therefore be irregular,. 

and not discriminate against unstable symmetries such as S for example. All 
. r 

.methods for the ;preparation of unstable crystalline allotropes are aimed at 

re8.lizing case three. In this case many different allotropes are formed 

simult~eously because the concentration changes during the crystallization. 

Often, rubber or other material is mixed together with a solution to increase 
. ' 

'\ 
the viscosity. This trick reduces the difussion and. makes locally high con-

' centration gradients possible and ~es energy gains possible through the 

formation of UIU:!table lattices in isolated pockets. :T.liELUi:rstab1.e:.!:l.H:etime 

. of' the crystals can be quite ·high in such solutions because they are not 

dissolved in favor of the growth of neighbor nuclei with higher stability. 

~s simplified model explal1.ns n:otyonJ..y:l .. the formation of·. unstable· ... 

modifications, but .aiso the obse;rvation that. such samples consist of' a mixture 

-of' sma.ll crystals with different symmetries. ,These allo~ropes or polym.orphs 

.. 
) . 
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-, :, are not .stable and slowly convert into S • Because of the small size of ifhe 
~ ~ 

crystals such a system can often be obs~rved onl:y under a microscope~ * -_-_ : ,, _ --
--- tudi 4> tallizi - lu' ' - 'i .. , .... ~ .... ha' ' b mad 45,149,161,85i-h3,162,163 - s es _o ... crys - ng ao tiona n Su..&.J.u.&.- ve een e, . ~Jf . 

~I\ -••: 
. -' -~ 

and a great number of allotrope have been reported but it has been repeat~ . ~-

. · 86 a···t221 
-. -• pointed out that. many "new" forms might only be special crystals of S __ ' T"', 
- . ' ' . :, - -- - ' ' - ~ 

-~ which grow along ~ unusual. lattiee face. These allotropes, which al~ ~l: 

· poiymor:phs of S ~~'nd, have probably the. following stability o~ert l3~~"~ --t~-- -- -~;J 
. .- ':_. ,: . - ~ :_ . -- -- . -___ -_ - .. ,. : -_ ·;' ;, _- ' - -~---

-, 
F··; .: ~ .· .. 

;·. 

a) Photo-SulfUr - Lallemandl70 discovered that sulfUr solutions be­

· ~- . come cloudy, if they are exposed to light. SUch suspensio~s821227 of insolu­

· ble sulfur in a .suifu:r solution are called photosulfur • Wiga.nd.300 ' 301 studied 
. ·· .. 

. ··' 
·.~. 

the photosensitivity of allotropic forms extensively and. determined thermal 

'data with a calorimeter, but his results have been overlooked and most work 

-•_ since does not take into_ account the importa.Iit influence of light • 

- Bartlett17, 22 found that photosulfur is more reactive than s~ and_ ErametsaBB,B9 

recently restudied the influence of light on the formation of different allo-

' ' 
:. - . ___ tropes. It seem.S. that _the 88 ring is broken under the influence of light. The -- ' 

,. 
\ 

-~. : ' . \ . resulting biradical then attacks other rings and initiates other secondary 

; _ -!_,:·reactions, in which the solvent often is involvedo Photo-sulfur is produced 
.• ·:.'·.: 

. ·,_:. 
·r .. 

........ : . ···: .. 

' .• - - ' ' - ' ' -- l04 ' '' 
_ if ~ in cc14 is exposed to light but the yield is higher if the solution · 

is ir.radiatedc\ with an UV pressure lamp. Many authors report that the forma.r; 

-tion of .photo-S is reversible; but alcoholic photo-'S, for example, smells 

from Ii2S· · The photochemistrY of .Sulfur ,is a. neglected field _and very little 

is yet known abo~t the effect o:f' light·on solutionS and on allotropes. 'll!t 

.. seems that the c~talytic actioxi -~:f'-~/.1 ,a.pd_ 'other second.a.ry 'molecules is . 
. . 4 

.. :: .. ' ' . . ' .~ ·~ .. 
. ·~ ..... ::; . '" 
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• · responsible for m.a.ny reactions ·of photo-s. 

b) . r-SuJ.t'ur - This allot;ope was discovered by Spica
27° and i 

Gernez.128·l30 The .brilliantly glittering cr,ystals237 which grow in t~~ 
. '. - 240 . . . .· . . ·- •. . 

.· sheets are also called Mother-of-Pearl and nacreus sulf'u:t'. For oth~r ' 
: . . ~ 

-. . .· . 4 . ~ 

.. ~_.· s;ynonyma. see Appendix I. . The cr,ys~al symmetry is probably c2h-P2/ h' '1tf1 
. 1 8 f ... 

. . the eight cyclo-octa molecules stacked in a 1 sheared penny roll' 3 fotma,tion 
. . ~ 

• ·_(Fig~ E_), but. C~h-P2/m1 C~h·P-2l/m and ~~l.J:-P2/h l3
8

have also been pro(ised. 
• --n • 

··. _Ma.tly- contr~cto.ry values for the lattice -constants appear in the llte~~ture: 

.. · ... ' .. .'l·; .~ 

.646 
a: b: c = .0649 

.o658 

~ = 112°54 I and 
124°49' 

.706 r 
:1: 0.645 
:l:· 0 6~L'··· . . ....... 

. 138-139 other older data have been excluded. The melting point of this allo-

trope is 106.8°C, the density is 2.041 g/cm3. This modification is unstable 

und.er normal conditions, but the crystals can exist for years, if inbedded in 

· a rubber solution, and they can withstand 40 hours o:f' x-ray examination. 

a.-erystals. catalize their transformation and. can reduce the life-time o:f' the 

. y-fo:rm to l/2"z:miil·l.145 . A'bove 75°C ·j3-sul:f'ur is formed quickly. The trans-
. . . . - . . 144 147 

.. formation rate has been studied by Hartshorne. ' 

According to seyeral reports, y.-.crystals have been found in oil::we;Ll~t~74 
•:!··, 252' 

~q as.:• RosickyitL. mineral:~;;. . i r-suJ.tur. was proposed as a component in .. 

;plastic sulf'ur (ifle"e~ S J. The y-allotrope can be prepared after the follow­

·. ing methods:( through condensation of vapor, from an undercooled melt at 
0. 298 - ' . . 

90 , from an undercooled solution . of sulfur in benzene, toluene or 
. . r .. • ~- ) . • 

.Etl'lylalcohol; __ by eval?orating an alcoholic solution of sulfur· at 70°, 194, ~:99 

and s:p~ntaneously f~ o-su.lf'ur.. r~sulfur' can be obtained also during .the 
,. · ... · .:. 

: ; . : ~ . . ' .. . . 
y_···. ,:. .. 

···; 
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production· of the .element :from compounds. . If' 1<2so4 saturated solutio~i; of .. 
~ 

potassium sulfate and sod.iumthiosulf'ate are ca.re:f'u11y combined and dif'~e . 
' i ' 

slow:cy" into each other_, if' ammoniumpolysul:fide in an alcoholic .solutioz\~ 
. ;r.~-

oxidizes slowly in air,and if precipitated sulfur dissolved in a mixtmW of' 
. ··r 

· :: )_·- .. , alcohol and carbon disuJ.f';tde slowly evaporates at room temperature • 
. · L· ·. :..: . , 

) 
' - 161:..163 ' ' ' ' ( ) 

c ~-sulfUr - ~orinth :found-monoclinic rhdmbic ? 

. ~ of' this allotrope which are stable :for about half a clay. 

. i' __ ·,.stable than_ y, but more stable than Sa • 
·: :. . .. . 

. ...... . . . 

~-sulf'ur is 

t;;; 
. i 

I 

··.:, _,·_:·_.·.;.'-·. 

The ~ :..al.lotrope crystallizes together w1 th .. a and spontaneously :from 

a, and in the presence of Se :from CSg so~utions, o;r from other solvents,·· 
t.:;_' 

pre:f~rably in a mixture with a rubber solution. 

,: :;·,. '• . ;Erametsa:86, 8T indicated the s1milarity of' this form, to a.-crystals 
·· .... · .. · 

.· .·,.· 

· -·. of unusual growth.. The existence of this :form has not yet been conclusively 

,, . , shown_, and the crystals could even be due to an impurity., 

d) 
161 ' ' 

T}-Sulfur - Korinth . observed hexagonal-monoclinic (? ) 

·Crystals of S during the preparation of' delta-sulfur from rubber solutions 
T} 

·.containing sulfur and selenium... .Erametsa has repeated the experiments and 
.· .. _.' 

.... 

· .· _ .. ·._ obta~ned the '\ame form which has a lifetime ot' 10 minutes., 

> e.n ;;.iso~o.rp.b o':fLS e. 

The T} :form i" 
) .. 

. .-:-' 

The data on this modification are inconclusive. Both .an impurity and· 

a coprecipitation of' Se/8 could be responsible for the formation of' such ,,,. 

crystals. 

e) 5-sti.l.fur - Mutbmann194 listed sa as the fourth sulfur allo-

_;,. ... 

. ........ 

trope.. This form is very unStable and. has not yet b~en conclusively des- ~ 
' ' ' 

cribed.. It could. be identical with one component of 'Brauns' sulfur~ The 

cryst~ have been studied by ,Henkel,149 Sm1 th, 263 Strunz274 
and Erametsa. 93 

~- •" 

• t'' 

. ;:, . '\ ... 
~ • ' •. -~-- .J, . :; ' . . . -l' 

. ' i.··~· . . .··· \ . _: : 
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The ~?ymm.etry of this hexagonal ( ?) form could be either c
3

i or C~~-R _ 
': .. 

·' . 
. . --~ ' 

• T, ' 

! 3 
The crystsi.s can be prepared in mixture with a. and r ·by oxyciizingiF ~-

: .... -. ~ .. 
\,'' 

:-··· 

. ·._ .. 

,"'.' 

·' ._."': 

.·: .'· 

;.._ 

... 
·_, 

This', :.-2·-.. "'~'· alcoholic a.mmc;>~iumpolysul:f'ide solution at :5 15°0 in the open air. 
il 

--~:-preparation is· similar to the preparation of the r-form, and only abou~-~1. 
... ~ '· (!•-. . . 

. in 1000 experiments leads to the formation of 8. 1,;, - · .. ,,.. 
,;,: ·-
. ·.) 

The crystals can transform into r, ceta, f3, or a.-sulfur •. · 'E :· 

·f) s,~ - s~ was 
' ' 161 . ' 
first observed by Korinth. This. allotrope' 

. ' 86 
· ...... · recently restud~ed _ • It crystallizes from a boiling solution of 

•'·' · .... ,. .. _ .· 
, ; · fenchenon, a-pinene and nitrobenzene. Theyield is enhanced by the presence., 

. ·': ~- • -£ 

1, •.. 

.. ,• 

.. -·~ ~ ' 

of a solution of rubber in cs
2

• The ditetragonal bipyramids have a:b = l 

, ..• 46801.
161 

. The crystals are unstable a.;:J.d dissolve after about one minute 

' .. . .. 
'. 

. ~:... 
', 

.,; ' and sr' sf3 and finally sa. are formed. 

g) o-sulfur.- Erametsa:93 observed the formation of a new crystal, 

· S
0

, when he evaporated solutions -of s
8 

• This forin is characterized by an 

It. converts within 2-3 sec. into Sr' 

. "and .is _the most unstable polymorph' kriown.::-~::: 

h) S I - Korinth· described monoclinic spirals, which he called S j · .. -.;'' 

'. 
1 • ~ ' • ·' 

''\ . . ' 

This· form is either .extremely unstable or doe_s not exist. It might be iden- . 

. ·· tical. with triclinic sulfur. 
: .. · 

-;. 
. -.· '· 

' . 
~ . . . 

i) S - S crystallizes in about one of 1000 experiments if sul-
T 't' · . 

,. ···fur solutions_ of o.:.xylpl or menthenon are boiled. This form-· consists of 

cubic crystals which can exist for several hours~ 
. ' ~ ·--'. : ft 

-,j) Brauns-sulf'ur - Gernez and Quincke identified this form as 

a mixture of Sa. and.'~¢ . 
.. ·. __ · ... ' . 161 .... 

k): S~ • l) He~el, • discov:ered this fairly stable allotrope.· . . .. . .. ,· - . . . 

' -· ~ . 

.· ...... 
. ... 

' ; ~. 

. t""' : •. 
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of o-Xyi61 at the boiling point. · The c:I-ystals hav~ such a. high refraction. 
~ 

' ~ 
index tb.S.t they appear to be black in transmission and white in refra.~tion. . . . . . .. ~ 

2) Prins'll9,221 described S~ a.s occuring in frozen liquid, la~er 
'~ _.;, 

he ·'idemtified it a.~ a. mixture. of a. + y. 

C. Allotropes Obtained from· Liquid Sulfur . 

The composition of liquid sulfur is complicated. We do not int;~d to 
~­

;present here a complete 'survey, but give only the. data. necessary for -lhe 
. f 

· understa.nd.ing ·of the solid. A list of references for the liquid phase is 

.. ~ 

. : -~ .· .. : -

given. in App. VI. For further discussion, see Refs. 157, 217, 219, 243, 

244. At the melting point cyclo-octa.-sulfur is. in equilibrium with catena­

·. oc.ta-sulfur (S~) which then polymerizes with SA. into unbranched chains (S~). 

At l59°C258 the· polymerization increases so sharply that S(..L, before a sol-

' ~· .~-

. : ' 

'· · vate, . suddenly becomes the solvent. Most properties of' the melt have a. 

strong discontinuity at this temperature • Only the color does not follow 
. .. ' . . . . . . . 116 171 

this trend but changes instead smoothly ' from a pale yellow at the 

. . 156 
melting point to a dark, deep red a.t the boiling point. The molecular . 

. . . . . 2~ 
variety of liquid sulfur has been repeatedly discussed, and the vis-

12 13"-·97 98 36 102 174 297 
cosity, ' ' ' the .specific heat, ' ' ' , the heat conductivity 

· · and densityl57, 283 have been measured. Several authors95, 2l5 have ex-

plained the polym~rization process which was recently formulated in a very 

simple and precise manner.279, 280 The heat of polymerization for S is 3~17. . . . . n 

.. kilo.<~ealories (b$0:= 4.63 e.u.) and the energy required for the chain 

. .. ~· scission153 , 154 is 32.8 kilo-calori~s. · (.613° = 2.3 e .u.l80 The free radi-
. . . . .. ··... · .. ·. . . . . .·. · ...... '·....... .·. .. ·188 

cal nature ·of long, open sulfur chains was .pointed out, . . and later con-
. ·. · . ·. · · · . . > , :. · .· •.· · ·. 118 i2o ';: . .· ·· . : · · · · · · : · . . · · 212· 
finned with the help of ESR .·· . ' . equipment a.ncJ. a Faraday balance. ·.· 
' . ' • ' • . . ' . ~: • ~\< .•.. - .-:- .' . ; ... . -: ~· . - ' • . . . . .· . 
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~ :( ... ~:: ·. The average chain -length varies between 15B°C and I , ... · .. :t . . . · .. ·· 
j :· •. :-~ .. · ·at()ms ." · . Statlst:i.cal and other . argumen:ts make95 the 

4o4 °C from 8 to 5 ~~ 105 . .::·_. 
,· . 

f akr t .in .166,177' occurrence o m Clf, gs · . 
. ·•·· .. ·:r 

1.:· ... , . -<·:q .:}'r .in the melt ~robabh~ The properties of. the melt are extremely 

. -~'L . 

~.. { 

jo ," ·,~,· '.' ,,, I 0 j ,, ... t 

se~si-t;·ive 
I;• 

!.· :.. -\>: . >·.'to. iliipurities'. The viscosity, for example; is changed by very small~~unts 
-~~~!· .. ,· .. ~ .: .. . ~l-~~~~~~ 

··.'. 

.. -~ 

)l', :: .. ·.'·> -of trivalent elements and the. ele.ctric conductivity is the sum of twi~t~rms::. · 
~· . . ' '. ~-~t"'f 
•i ,,- One for the electronic conductivity of the liquid element and the other· for 
h ~ 

• ... I 

·:· 

-~~-:· 
-~~-

' . ~ .. ~ 

the electrophorectic conductivity due to (sulfide-) impurities. 

.. ' · 'l.'he structure, of the liquid has been investigated by several 
~{' 

.. •· ~'. ··;;.groups. 217,l3l,2l9,244 ~ 166 , 277 The :b~nd length .in the chains between the 

.; ., ... ~-

·o 

sul:f'ur atoms seems to be slightly smaller (2. 07 A) than in solid samples. 
· .... 

.... , 

At low ~emperatures the melt possibly shows some structure similar to S • r 
More work is necessary, however, before we have a conclusive picture of the 

. , .. · ·: composition of liquid sulf'ur and· much data is still lacking. It seems, ~or 

example, that a_fourth component has to be assumed to explain the color 
. . . ' ~ .. 

.· 

effect. ... .. '.'.· .. : 
~ :- .. '. 

~ .. . . 

. ; . :·· . ·· .. 

From liquid sulfur different. solid allotropes cari be formed with 

varying yields, depending upon the. original temperature (T
5
), the speed of 

.. -·· 

·, 
:' . . . 

·the. cooling {J!I!/dt), ~d ·the observation conditions (TE), but the solid al- · 

·' ···· · way~ contains three :fractions : · l) : e. crystalline part which consists of .· ·~ 
· .... 

Sa. or its polymorphs, 2) an active .epeciewhich will be ca.lled Src., and 

3) a. cs2-insoluble polymer. 
·•. 

The compos it ion of this polymer is complj_ .Ei.ted 

. _; 

and depends upon the preparation method, but many authors treat this solid or. 

· · · some fraction of it as. a definable system. So little data are given for 

' ' 
this fraction, generally, ,that one cannot compare results reported by different 

groups~ · .. Regardless of ;the·. nomenclature used -• in the original paper, we 
'- r·. 

willch'?ose' th~ name. S~: for this .PJ.S.stic, cs2 insolubl.e polymer, which· is 
~ ~ - • ' • ' • • ''• • . . • .. J . ' ' . • • : • . • ' ' ' • 

--~ ., •' .· .. 

·., ' .. 

.. ~. 

" . ' 
·:· 1~.· -~ ;; ... -~·. 

-~' lt.; •.• ·• l ..... 

: : .· 

: . . ·'. 

:·,· 
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'.·'',: 
obtained if viscous liquid sulfur. is . quenched. The rigid, cs2-insol. 

.· ... :,;... 

·· polymer, which is prepared by cond~nsating sulfur vapor, will be called .• 
S and will be discussed in section D. In discussing the products, we dis-
<U .. 

.. . . ~- ., . 
tinguish between samples obtained by three different methods. First, ~low 

: .. •'. ~' 

·- f·- · ~ ;, _cooling leads to pure ~ and a. sulfur, regardless of the temperature oft the 
:-- .~ . 

. ~--' . 

·.-:' 

.·-:-.····: 

... ·· 

-. 

. ';-... ,. "' '.~ ~ ·-
liquid. Second, if• the hot liquid is poured iilto water, src, si-L, sx, ~p:· 

. ! 
. ·. ~- . 

. ; ~ 

. ~-" 
. i:' 

S are formed. The S converts within three days into S and S , but 'the 
a. - 'J( a. 1---L 

S converts only_~lowly into a., and its concentration, therefore, 
1-J. . r -

through a maximum after about three days- (see S ) • 
~- 1'( 

'.rhird, if the 

· sulfur contains only ·sA. and Src (below l58°C), the quenched sample cry-

stallizes mainly to· S. , and S 
. . a. 1---L 

is formed only in a secondary reaction 

throught the polymerization of S • Other particles have not yet been '-'6.;;. 
1'( 

served in these solids, but it is very hard to isolate small species;-.:such::;_ 

< • •• as that which might cause the red color, because the heat capacity of the 

·. ·~ 

liquid is so high that even spraying of a thin stream onto a surface at 

20°K, does not give a high enough temperature gradient for trapping such 

·.four allotropes prepared from the melt: s~.., src, si-L, and s'f/. 

126 
. a). Src - Gernez . discovered that the meltillg point of sulfur 

changes during the melting process . sm:ith257 explained the slow decrease 

from the ideal (119 .. 3°C) meltingpoint to the natural melting point (114.5°C)-
\.. ·' . 

···by proposing the formation of a new unk.D.own component which dissolves in 

. - . . . 7-10 . 
the liquid and thus causes a meltmg point depression. · Aten called. 

24. i h had b . d b f b -Ma- 180 ,l8l f this particle S , a name, wh c een use e ore. y gnus or 
!J{ 

:If 

a d-ifferent allo~ro~~ ~ , Al:iove 159°C258, a ~hird ~o~ponent,· catena-poly-sulfur ,
168 

- ... 

·_:; 

. : . · .. ' 

! 
-.. 
•. 
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, .. lj· 
• ~ ; ·, ... •• ·.,. 1 .·' 

:. ·_ .... ~ ,' .. ·. the melting point depression and the concentration of si-L in the soli~~·;Jndi-
:d' . ' ' 241~;, 

_.,_:;f. · \ · · · .: · cateq: that- .a much smB.ller particle had to be present in the liq_uid, t't:Which 

S 1
258 becbmes.impo:t"tant. 

JJ. ' . . 

! 

If liq_uid sulfur is · q_uenched in cold water/ S 
' JJ. 
~I . /' :' 

,: ··: 
is always present, regardless of whether the liq_ti.id was originally hotter! 

~.... ~ 

or cooler than 158°C. This was first. taken as a proof for StC and SJJ. lfll,ig 

· . . 37 38 214 246 247 · . r,~ l 
identical. Molecular weight ' ' ' ·' calculations, however, ~ing 

:; c.~;_,·_:_;_: ... _.-·.·.· ·· ·.·: • .. then on cooling could possibly po~erize into S • The S concentrat ~on 
' ·.. ·. ,· . JJ. JJ. (' 

'" (the cs2-insoluble "fraction in .a frozen melt) first increases and goet . : 2" . f 
··through a maximunl after about three days •. The S , with a lifetime1 of ... · 

' ..... '1( 

;, .·· .' 

·, 
'' .... ,,· 

-lt.-" 

. · ._·, 

·.·· .. · 
' .. 

. f .. ' .• 

·., 
:-; .· ,. 

'.·· ·.· 
..•. · 

··' ·. 

•. 

' ' ' . . . I.'..: 

"<;' 

•. i 

roughly one da.y, .obviously partly polymerizes into S , which· tl:len converts 
I.L • 

into S with a much higher lifetime, perhaps six months. 
~ ' ', 

If' liquid .sultlir is~:quenched to -78oc some of the 8'1( can b.e isolated. 

s~ is soluble in cs2 at room temperature but not at· -78°C, si.L.is cs2 in­

soJ,.uble, but S;t is soluble in cs2 at -78°0. From the deep yellow 8'1( solu­

tion Erametsa9l separated, with the help of chromatography, four components 

· with. different molecular weights. His results are, however·, not quite con-

elusive, since it has been shown that the column material, Al2o
3 

catalyzes 

.· 248 
.the conversion of allotropes. Sche~ could not repeat the separation of 

the S . fraction, but he used the method of Bartlett17 to titrate independent~ . 
. '1( ' ' ' 

ly different allotropes :l.na mixture and discovered that the liquid content 

ts 5-5% '1(247at··~them.p~·'b'ut:~.that :r.n.·~t:fie .frozen .. melt:·only.6Q% of the s ·'niole 
. 1( 

cules polymerized, while the other 40:% recombined directly to S~. Using. 

'' ·_ . .this· observation to recalculate the molecular weight of S he came to -the 
1( 

conclusion that this molecule. is catena-octa-sulfur •: . 
~ . .-. 

We adopt here tha name Sn: for the. catena-octa-8 •. There remain, however, 
.. _, _: 

sev~ral unexplained. facts .about ·this particle .. T~bolsky,279 in a model 
··.'· 

·.; '.. . ·~ .. 
• 1. 

-:·-. 

.. ·. 
•· .. 

. . -~ . 
• ··, • • • ~ ' '" f ' • ,;- •• < 
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rJ C- a.,b,c 

which accurately describes the viScosity of the melt over the whole 
-, - . ·: . 

. ,. ··. ;'· 

.. :.", .·-~- . ', ',; ~: 

_ .. .;. ... temperature range, assumes- that S1C is very unstable and polymerizes with -. 
- ~ 

.· .. ,· ·SA. to polymer chains. He calculates the S1C concentration at the meltin~ 
- - . " ...... . 

.·;; ·~. ·.~ ~ ' .. '[' 
. -· .. 

·: .. . ~ 

'· 

".'. t; ~ ... 

.-
r.~ .. *t 

I· 

J 

:point -to be undetectably small, but Schenk.247,248 obtains 5.5% S1C f'rom i 
~il 
r·~· 

measurements of the soluble part in the solid and the melting point de~t 
- - ~0 - ~ 

-- press f_on. ESR measurements -- indicate a very low f'ree spin concentrait~n 
. '~- . .' \ .. . -~~fi., . 

·- fl- --r .. _ at the temperature mentioned above 1 but this can be interpreted either i''S · 

''.!. 

.s, .·., 

.. • .. · 

-~ 
. an indication that there is only very little S1C, or that the S1C has str,png 

. > 

resonance stabilization of' the chain. Such a resonance stabilization has 

-_ 177 
been earlier assumed for small molecules. 

b) Si - Erametsa9l s~parated· dif'f'erent fractions of' S1C with 

. the help of' chromatography. Part of the dry S1C
2 

fraction turns into a 

white solid which is very similar to S - but - m has a dif'f'erent x-ray diffrac-

tion _pattern. This f'orm is not CS2-soluble 
- 91 and was called S .. 

~-

c) s 
!-! 

If liquid sulfur, a complex mixture of allotropes, is 

poured iri.to ice water or cooled to -78°C, an astonishingly homogeneous 

· product is obtained. 127 The reason for this is that most particles in liquid 
. -, . 

' . . ' - . sulf'ur become 89 highly unstable when cooled that they convert immediately 

into the stable alpha form or _the catena-poly-form, (SIJ.), which has under 

such conditions a relatively high lifetime. The fading of the red color of' 

the melt to a white-yellow in the solid demonstrates in a visible way this . 

· recombination of reactive particles. If' a?frozen melt is washed with cs2 , _-

the stable alpha -sulfur and the S1C 

Both the viscous ~iquid sulfur and 

dissolve and an insoluble part 

11.9 1.69 the cs2-insoluble -' solid 

remains. 

are 

cailed SJ.L. The yield and the structure of' SIJ. depend upon the composition 

of the_ liquid· (Tst~) 1 the_ speed W:ith which the quenching is performed 

... ,. 
:. -~-

•-i 
~: ' . ~.f ..• .> 

.-

-~ 
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·~· 

·'I-

· ..... · .,· .... ._;;· .. '. 
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~· ~ 
(dt), the temperature at which the Ina.terial is collected (Tend), the 'g~ 

' . \ ' • ' 'i ... ' ~ 
.. -~- ·~ .. 

..... 
_ .. -·: 

-:.-· 

. . ~- .. 

'. '· . 
... ' ... 
,_.,: 
,·.._, 

~ .•. . '• 

... ~. 

o:f the unstable modification and the purity o:f the sulfur. Experimenrs · 
f~ 

are quite commonly performed with insufficientJ.y .. defined l~quid sulfu{ ,,, 
~~ .f'~ . 

_,.) 

~ .. . systems. Many authors·,· overwhelmed by the im:Portance of one paramete~;~ 'neglect 
. . ·~ 

. {,: . 

· ... · .. ' .--:.:, 

~- ' 

. ·. 

··-~ . 

others. . One author for example can obtain plastic sulfur only from qgmmer-
" ' . 242 . . \t . 

cia.l samples, pure samples giving exclusively S , while in anothe:q~group 
·. . . a. '~ 

pure sulfur al'WS\YB leads to 100% SjJ., with crude samples giving up to ~·0% 
"'i 

of it. 

SIJ. can also be prepared by.slowly hydrolizing s2c12 , or by acidlfying 
. ! 

.an aqueous· thio-sulfate solution. The mechanism of both reactions will be 

discussed together with the formation of S • SIJ. is unstable at room tempera-. , p 

ture. The transformation rate into S depends upon the temperature, pressure 
a. 

or stretching and impurities. Light58 and the presence of Sa.·are believed 

to catalyze the conversion into the stable form. .o4% oil, or .1% r2 and 

tri,'7valent contaminations such as N or P can stabilize273 plastlc sulfur 

·.' . . · ovez; a long period of time. Pure samples have been reported to be metas-

. table below -29°Cl90 and can e~ist at room temperature. for over a year. The 

. : 

" exposure to lJY light or to alpha, beta or ga.mtna. radiation enhances the 

: .. ··. transformation by breaking. long chains •192 The samples do not convert com-

I .,.:, 

pletely into. the· alpha form, but reach an· equilibrium· composition, where 

the scission and formation of chains and rings are in balance. (See irra ... 

diation sulfur) • 

. 277,281,282 . . . . . 
The x•ray diagram .. . of Sw looks very similar to that of' Sa.. · ·. 

Alpha ini.purities.have therefore beenheld responsible for the observed 

patt~rns, since the;~-raymethod does n~t strongly discriminate against 

·· · · d:i.:ff~rent '6omponEm~or contaminations •. .Another interpretation proposes a 

. ' 
" 

:~ ' 

,·. 

•• 't 
;· 

': : ., ~.' . ·' :- . 

. ~- _. ~ . . ·.··' . 

·, 
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. . 210 
similar structure for S and SJ..l 1 but seems to be wrong. 

·. . a. . 

authors believe that SJ..l is amorphous, some think it is a glass and. oth~rs . 

report that. it has 'a well--developed structure.. It is possible that th~ 
\, 

' chains are so long that crystalline and amorphous zones can· exist at 'fhe 

~-;· ... same time· in different p~s ot one molecule 1 as is observed in organ~c 
~~-

~ ·. ~ 
•t. • · ··· polymers. Most probably' the chains .are· curled and form long helices .1 The 

··,,. 

.••.• . . .). 

1 

• •> molecules se~ to be heM together by statiStical cohesion •. This coh~ion , • 

• ·•: . . . ·energy is often quite big for polymers .and can explain the relative st~bility 
. ·'lL . , ::ft.·. . . 

· of the S!J. form. The structure of SJ..l . is not yet. completely' knoWn., but· it is· · . 
.!';. 

. ~ .. 

*•' . . " 

~- .. '. 

. -~~-, 
. '4: . ~_,;._. '· .. 

. ·· .. 't 

-· .. ·~ ···\ -~ '~ ~; 
possibly similar to the structure of stretched sulfur, which will be dis-~· 

' '.•·. > :. , CUS£3ed With Sr• 
. ~' . ,. ~- . . . 245 

Detailed discu~sions about SI-L haye been published by Schenk, and 

···'.Smith. 258 -262 The terms I-Ll and I-L
2 

hav~ been proposed for the soft and the·· 

hard fractions of plastic sulfur ·and many othe.r names are in use for various·. 

pla~tic products. 

d) Sv .. Sv has been used for two all~tropes: 1) Prins takes 

S as a v 
90-92 . 90 

short hB.nd name fo~ S!J.. . . 2) Erametsa labels a fraction 

of precipitated sulfUr S • .(See IV .3 .E .e)· · 
. ' ' v . '·. 

·e) ·s 
¢• 

l) Von Weimann293 discovered that plastic sulfur samples 

·· · obtained by chilling liquid from above 250°C assume ·new. properties if they . 

. . . . 64 187 282 220 
are stretched. This materJ.al was studied by several groups ' ' ' .· . 

. · · with the ·help of x-rays •. - Neuburger198 found the symmetry to be C~h. 
. . 204 ' . 
Pau+ing proposed a helical structure, similar to that of se, with 112 

' .· .' . . ', . 217-223 ' . ·. ·, 220 244 ' . . ,· 
atoms· in the unit cell. Prins . . ... · and co-workers 1 have devoted 

.many. ·investigations ·:'Co this form •. · They found that _.·it consists of two 

i 
"'i; . 

. \ 

.· .. _··: 

. ,,· .... 

1\'~ 

/~">:~,··. 
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different components, .'f .. + r. This discover.y devaluated much of the ea.f­

lier work.187 ' 282 Ttie present .description223 is based upon long su~ .. 
-~ 

· :: ,::. helices that. are packed together regillarl.y" with crystals of Sr' which ieems 
'hl 

...... to be fol'med. during the stretching (see Fig. 2d, .App 2 ) .. The c-axis ~f 
. . 'il~ . 

)_' 

the gamin& crys\tals is s:upposedl.y" parallel" to the fiber. 
. . . ; 

for·sever81 years. 
'! 

, ' 
2 .) E •· t ··86 11s · ·t bl 1ym h f ·s . rame sa ca . a very uns a e po orp ~ o a.' 

f) S If .. The name· S lJ!. is used for different sulfur forms • 

of S •
86 

a. 

part of s¢. 

} .. 

1) Erametsa uses the term s.rfor a very unstable polymo~h . 

2) . S fjl is often a · synonyill for S • · . 
·.. ' . ¢ 

3) . Neumannl99 introduced the term s·fjt .for the crystalline 

221 . 
4) Prins and co-workers desi~te with Sfjl the fibrous 

. .· 2 
part of S¢ (this is the reverse of 3). The symmetry of the fiber is c·.2h, 

the same as that of' S • A closed packed helical structure with concentric ¢ . . 
2o6,209 210 . . . 

arrangement has been proposed, ' analagous to an alpha sulfur 

structure. ·This proposal, however, is not convincing since the alpha 
" 

... ·_, 

·:.structure men~ioned is incorrect. The best present model79,220":"223, 235, 2~6,243, 244 
·.· ·. ::. • . . 1 ·. . . 

assumes long helices containing 3 .. 3 atoms per turn. The unit cell then , 
f ''. ·. 

· contains 10 atoms; (a=b=4.7A) it is 13 .• 7.Along (c) ·and has a radius of 

.92A. · A possible super-structure givin~ the unit cell a length of 69A }l~s 

:>~ecentl.y" ;been mentioned~ 223 , Details of. the sr structure 

·,:(Fig. 2) •• , . . . 

~ . ~~ . 
are not yet knawn 

. ... ,. 
. ·. 

. · · · .· D. ·. Allotropes. Derived from the Vapor Phase · 
. . - . . .· .. 

' ~ .· 
:·' . .. . '. '. ' ,. :: 

... >At the nat~al.f:>oiling :pO.int .~ul:f'ur vapor consists. mainly" of s 8 , 

. -. . - . . ' 

. - ··. 

.,_.. • -'.: ~ ·- ·• • . <';· • 
_!_. 
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but the concentration of smaller particles increases rapidly with in- • 
!. 

creasing temperature and decreasing pressure. e6 Mass spectrofiiCOpic data~; · 
l 

. . . . ~ 
indicates the presence of at least 10 different molecular species in t~e 

vapor.·· Staudinger272 recognized the possibility ~f trapping s~ll mol~cules . 
. . . ~ 

such as s2 from hot vapor; but Rice was the first to observe frozen ~table 

' . .: . ·.•. -,·· ·- particles. The solids obtained by cooling equilibrium vapor have a vecy 
":.1 . ~ 

• "i -~ 
i 

. ' 't:. 

-:::::.·· . ....... . ·· 

~ 
complex co:inpos·ition·· The. vapor phase generally contains several dif'fe:r;ient 

! 
· . ·. molecules in comparable concentrations. On condensation these different 

:· ,., ,,.. 

.-~ . . ' . ~ -· - .. 
.species are partly trapped and partly: recombine irtto new different molecules 

which in turn can be intermediates in the formation of other more stable 
.. ··:. 

- . :~ 

. • .. 

· iJ ,~.. · moleeules. Such recombination reactions occur even under extreme trapping 
>. 

. . . . . : . 

_·->/'· 

·cond,itions, for example, if a molecular beam of·hot material is slowly 

condensed on a wall which is kept at .').j.'()K. The reason for this is partly the 
. . . . 

high reactivity of small molecules and partly the local warming which occurs 

durtng the heat dissipation from condensing ~lecules through the frozen 
. . . . 228 .· . . . 

,. solid. · Rice observed green solids when he condensed S~ vapor, and a 

229 . 
blue glass when' he trapped vapor with a high s2 concentration. Several 

' workers have ~epeated these and similar experiments and obtained many deeply .· 
••: I, 

colored samples. Many of the observations are contradictory and irreprodu- · 

· cible because- of insufficient defini;',·\ of the condit~ons during the ;prepara-

. 182-185 tion of these multicomponent systems. Some experiments · performed 

under well defined conditio~ have lead to the identification of s2 in the 

. solid. The same molecules has been trapped and studied· in different. rare 

· gas matrices, but very little data is yet available about these solids which· 

can show abs·or:ption. spectra with well developed· structUre. The relS.tive 
/-I •· • 

· · yields . of metastable 'or llllStable . :radica.l$ depends~ ·on the deposition speed 
-;: 

. ,· 

.. ~· 

.: { ·. 

~· .. .'"-' .--:' 

. ~ . :' 

·. ,. ·~ 

.. ·_. 

-~· 
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( (S}), the temperatUre of the cold wall (TE) and the vapor composition ( 

. ... (T :\~,. · • The concentration of unstable particles is roughly proporti~p.al 
. : Ts 
. to: T • {s} • 

. E 
Despite their complicated composition, most colored forms have a 

. ·sharply .defined stability range which is indicated in App. II, Fig. 3 .;'~ 

',, .. · 

1": 

.These multicomponent solid self-solutions a.re metastable and monotropic2, 
. 1 

i.e., they do not convert into a less stable'form by cooling. 

The relative stability of such colored products obtained from mole-

cular beams of s
2 

in decreaSing order is: a.> plastic > yellow > greeri > 

purple. 

We will discuss here first S and S which obtained from the sublima-m ~ . . 

tion of sulfur under· atmospheric pressure· and then the· colored condensation 

products which are obtained from the vapor under reduced pressure. 

a) Sm - We define Sm h~re as the CS2 insoluble part of sublimated 

sulfur. Because of its color, Sm is also called 'white sulfur'. This modi­

fication is similar to the commercial form "crystexn and 'super-sublimation' 

. 60 61 64 
sulfur and is not a well defined allotrope. Das . ' ' studied the pro-

perties of SiD carefully and .. found that. it is stable for more than a yea:r at 

. STP and for 36 hours at 88°c.62 Bases, such as NH3, catalyze the conver­

sion of this form into S • 
<l. 

The x~ray data show a distinctive similarity with S and S .. Das ex-
1-1 a. 

plained this by the presence of S impurities on the crystal surface, but 
<l. . 

Prins assumes that S · is a mixture of different forms, partly polymers, 
Cl) . 

partly crystallites., and Pinkus thinks S is identical with S • Other205 
. ' ,w 1-1 

authors think that Sw is built up from s6 of ~hich three molecules form a 
~c . ··.. . . 

·unit cell. The density lies in between 1.834 and 1.95 g/f!m,~. . 
. ' . 

···,'. 

•.'·· 
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a:::: 8.24'A . · 
b = 9.15 A 

The ESR spectrum of SCD indicates a ·free spin concentration of 5 .lqf6 . 
. 2~ . ~ . t 

mol/1. ·· · Another structure with 10 oriented chains in a particle wa~{~' .. 
:-:-

. . . . 2~ 
proposed, but the evidence is not conclusive. 

:-.t:· 
~:]:!' . 

S can be prepared by different methods, and each method leads to IJ:l. CD . . ~ 

. w 0 ~ 
somewhat different form 512 51221 of this rather vaguely definedallotrppe. 

31 96 .· 
The best yield of S is obtained if sulfur flowers are sublimed. ' Other CD . 

. procedures include 'the hydrolysis of s2c~ with water i the reaction of H2S 
. . 

·• :, ·with so2, and the reaction of HS4 with s2c12 with water, and the reactibn 

II N 
From the later materiaJ.., Erametsa separates two other 

. : ;. 
compone,nts 1 · which he ~alls S p; and S v • 

b)· S;m.. Erametsa isolated ~: from the distillation products of ~ or 

through chromatrograpby of red sulf'u.r (3 E .c). S;m has so far been charac-
'., . . . . 89 

terized only ·by·:.the'~x-ray diagram. . . The lattice ratios are estimated to 

be 
a:b:c = .672 : 1 : .o64 

c) Yellow sulfur - If hot sulfur vapor is condensed under reduced 
. . ·. . . . . . ~ so . l82-l84 

pressure on a cold surface 1 < -7 C the solid is deep yellow. It 
'... -

· is likely that this sul:f'ur contains a high concentration of s . All low-
. ~ 

temperature forms convert into ·this yellow form· at -100°C. 
:lH" 

d) ·Black sul:fUr - 1) Schenk observed black sul:f'ur in condensed vapors 

of s2 • It seems to be similar to violet sul:fur. 2) This name is also 
. -·. . . . . . 

· ' . used for the black deposit which forms during the purification of elemental 

. ( ) 256 . sul:fur with the method of v. Wartenberg Pg. 10 • Skjierven describes 

this black material as containing a pure sulfur alJptrope which is very 
• • • 1 • 

·· stable in the dark, but which converts after about one week in sunlight 

suddenly into Sa.. The existence of .such a form was already pro?osed by_ j 

.. 
_. ., - ~ 
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~0 ·. . . 
Magnus, but the presence of impurities aroused doubt about the exist~ce 

. . . ~ 

of such a sul:f'ur allotrope. It is poss~ble that polysul:rides are respo1·r 
• . • .~:~ .e 

sible for the black color, and such polysulfides. could then decompose·_ iti~'· . 
u ~. 

sunlight and form elementary sulfur. ·Y' 
. 228 . . 

· e) Purple Sul:f'ur ... Rice _.. observed that s2 -vapor condenses on a 
. . ~0 . . 

liquid nitrogen cooled trap with a purple color. He assumed the colqr 
. · · · · · 182-184 

to be- due to the s2 radical. His work was later carefully re-exa.rtl.ined, : 

and it was_proved that the s
2 

concentration in violet and green deposits 

are similar and do not cause the color. The color depends rather on the 

deposition speed. Slow condensation'yields green sulfur, _fast deposition 

. 111 
leads to purple samples •. A high magnetic susceptibility of this form 

was quantitatively demonstrated. 

f) Red and Brown Sulfur - Red and brown sulfur were produced by 

. 155 182 
several authors. ' It seems that a conde'nsation of' different vapor 

. species of elemental sul:f'ur can lead to almost any color. Such.solids 

represent complicated multicomponent systems. Very -little is known about 
'' 

.·their components. 

Three such colored products can be prepar~d by condensing molecular· 

"' .· beams of s
2

• The formation of these colors is not yet known, and the 

experiments seem not to .be reproducible. Ka~stins:kyl55 observed transi­

tions of these forms by thermal effects at -70, -60 and -55°C. 

g) Green Sulfur - Rice229 reported a green condensation product in 

a liquid air cooled trap if SA was condensed. Green sulfur is also pro­

duced if molecular' beams of s2 are slowly deposited upon a surface which 

. 182-185 o40 . . : . 8 0 
• is kept · at .1 · C, or if purple sulfur is heated above · 0 K. The 

formation of this form has been thoroughly studied: .· Most of the s2 reacts 
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a.f'ter condensation under the formation of a statistical mixture of sulftir 

chains. During the formation of such chains, small molecules can be 

trapped in solid non-equilibrium self-solution in between ~ong curled 
'.\·-

chains. This solid has a complicated composition. At least four diffe~i:lnt 
' . . 49 5,0 231 

active species have been observed by ~heir ESR spectrum ' ' during 

. warm-up cycling of this green form. The electrica:).. conductivity, the uv; ,, 
. . ' 182 

and the m spectrum of this multicomponent form have been studied,. apd 

the s
2 

particle could be identified in such mixtures with the help of 

the (forbidden) IR-spectrum. 

It is not yet clear why this form is green. Rice held the Sl{ ·mole.cule 

responsible for this-color, but sl{ is known to be yellow. (See S ) Another 
1{ 

explanation is based upon the similarity of the color effect in colloid 

solutions. The· color changes at 100°C into yellow. 

h) Violet Sulfur - If a molecular beam of s 2 is slowly condensed on 

a surface at :::; 6oCX, a violet-purple solid forms. This solid has two ab­

sorption continuous in the 1N. At 80°K this form converts into green sulfur. 

The composition of purple sulfUr is not known, but the presence of s
2 

has 

'182-184 
been proven ·, and the color might be due to the same particle, which 

causes hot liquid sulfur to be deep red •158· ·· · 

The stability ranges of the metastable colored forms are listed on 

page 53 and indicated in. Fig .• 3 pa.ge 55 •. · 

• ,' I ·~ < 

,l.: 

', ~ . · .. 
. -:;•. 

:_' ',. 

' ... '• .. 
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E ~ Allotropes Prepared From Sulf'ur Compoti.'lds 

In stocP,iometric equations for the formation of elemental· sulfur fr'pm,' 
\ . -:.,; . 

. . compounds, atoms and small molecules are often assumed as intermediates.'Js~, 
~::~~·:· 

It is very unlikely that such unstable particles of the element occur in ,{ 

a solution. The allotropes form most probably through an internal displace-: 

ment reaction or an intra.molecular·rearrangemen~ such as· a ring closure or 

a chain scission from molecules which contain already the correct number 

of sulfur atom:s. The most frequent intermediates are polysulfides or 
66· . 

polysulfoxyacid ions in various oxidation states. Davis explained the 

formation of S in acidified Thio-sulfate.solution, _for example, by the following 
p 

::-c>ver.all;o .. : 

. mechanism: 

0 
, I 

0 - s 
l 
0 

-:~..8 , t;!"oH 
- s - s . 

I ' . 
0 0 

s 
./ 
s 

\. 
s 

The yield of different sulfur allotropes depends mainly upon two 

f'actorsj first, upon the formation or displacement rate of the allotropes . 
([S ]) from an intermediate compound which has already the correct number 

n . " . 
of sulfur at~' (In reaction II this number is. n+l) 1 and second, upon the 

.. . 
formation rate HfC.n+l]) and the lifetime (canst. x [1Cn+2 ]) of' the inter• 

mediate compound. The displacement reaction rate will depend mainly upon 

steric factdrsJ and .it is cer.tainly higher for the torsion free sa than 

forthe S0 and the SlO ring. The formation rate of the 

intermediate compound and it's lifetime will depend strongly upon the 

concentration, pH, temperature and chain length. The formation of an 

allotrope will be favored whenever the formation rate of the allotrope 

is greater than the formation rate of the intermediate. If the temperature 

· .. 
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' 1.(· coefficient of [J.C ']: >> [S ] and is more important than the chain length 
I .·. -. .-. n+x x 
> 

-' 
(n); three·cases can be realized. 

• • • 
1) [J.cn] >> [s8] > rs6J. 

In warm ·concentrated solutions a fast pH change leads mainly to long 

Under mild conditions, the formation of SA. will be favored. -. . 
3) [len] - [s6J. 

In cool solutions slow acidification will yield an appreciable amount 

of ~·6=sp • One cannot1 however, ~btain s6 thru slow reaction at standard 

temperature, since the s6 is not stable enough. 

All three molecules have been detected under the conditions mentioned 

·above. s4 has been discussed on page 

discuss S ~ ,., 
-~~' . ·:··.· 

a.) s:P 

1~, s_ on page30 and we will now 
1-l -

We will use the term S;p only :for the unbound cyclo-hexa-S molecule, 

and not as- a 's~onym of' s~ {see sv;). The S molecule is Q~stable (see 
p 

· _. -_ page 13) and has been observed only during the decCllllpoSi tion of sulfur 
I -

·compounds • 

It·is best
22 

prepared after the method of Enge183
J 

84• Con-:::entrated 

·· HCl is slowly stirred into a concentrated solution of sodiumthiosulfate 

at 0-10°C. The ~-- is then, together with Sv- extracted with toluene or 

benzene_, and the Sf yield is _,:$_)f~%.. Davis
66 

has explained the formation 

of S~ .during this reaction. On evaporation or cooling of the solution s
6 

crystallizes. If they are careful.ly cleaned with KI
3
, PbS and KOH22, 

-~ . 
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·s solutions are fairly stable even at 60°C. 
20 Bartlett

17J 20
.1 

22 has : 
p 

· studied such solutions very carefully and f'ound that Sp reacts roughly 

4 . 21 ( ) . - -10 times faster than SA. with Phenyl 
3
P; CN · and OH • This :reaction 

22 229 is 'catalized by traces of' n2s and so
2

• The ultraviolet spectra ' 'and 
. ,·, . \ 20. . ·. .· . . .. . 0 

·. ~he. IR have been studied in cs
2 

and broad. absorption ,bands around 2900 A 

and 2~ have been observed.. (S.ee appendiX 6.) 

b.) s€ 

S€ and S.,.. are often used as synonyms. 
. . 2~ 
We follow an earlier suggestion · 

'. ,.. 
and call the cyclo-hexa-S :molecule S:p" This molecule has so f'ar been 

observed only in one crystalline f'orm, which we will call s.€. S€ has · · 

. . . 83 84 
been discovered by Engel. ' · The correct molecular composition was 

. 10 
f'irst reported by Aten. The s,€ is better known than the stab~e S/3 f'orm, 

and. i~ by f'ar the best. understood unstabie alio·trope. · The m::>lecular 

symmetry (S:P) is n3d. The environmental symmetry is c
3

i .. 3. The crystal 

symmetry is C~i- R3. 80
,., The la.tti:ce constants . area 78 

''\_ 
a· = 10.818·(i· · .002 A a : c = ·1 : 0.396 

c = 4.28 .001 

114 The morphology was f'irst studied by Friedel and the crystal 

. . . 115 ~ 
synnnetry was proposed by Frondel, Donnay and r~cently confirmed by 

76 Donohue • Powder data and other x-ra;y data are reported in ref'. 47. The 

melting point of' S is estimated to be below 100°C. The density of this 
<€ 

allotrope is high~ than that of any other: 2.135 grjcm3 • Each atom has 

tweive _neighbors within:.~.a. distance of' ::;; 3.5 A•. 
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Several authors report that S € has been found in nature. The proqy.c-
' . 

tion of S€ from boiling sulfur solution has been described, but this s~~ms · · 
. ~-

.doubtful since it would nescessitate the fo~tion o__f SP from the S:>.., ~'.e., 
. ~-

the formation of an unstable ring with six atoms from a ring with eigh'l;i. 
i~ 

atoms in a solution. 

S crystallizes if a solution; :of S is cooled or evaporated. e . P Thei 

crystals convert within a few hours into S. if the S was not careful],y 
a.:.; p ) 

purified. The pure S is at 0°C fairly stable. . e . . 

c) S d - Three different s.ulfur systerris are labeled as red sulfur: re · 

1) Eramets~88 prepared red and pink sulfur.by combin.ing cs2c1
2 

v:it~)Ei. .. ~(NH4 )sx- soltuion at pHS. A chromatographic separation leads to two 

components which.have been characterized by their x-ray diagram and by their 

·molecular weight, as determined with an ebulloscopi~ method, but this form 

has not yet been ascertained. 

2) 

radiation.
232 

Red sulfur is obtained if S is irradiated with a, J3 or· y 
a. 

3) Red sulfur can be obtained by trapping sulfur vapor (see 

33) M.it'··~cherlich189 d · th th h · t d th d · pg. • an mapy o er,:·l'Ul .ors ave repor e o er re 

sulfur f'orms which have later been clearly identified as impurities. All 

the forms mentioned above axe multicomponent systems and are not well defined 

or-understood. 

d) Sv 

1) 

2) 

See IV ,3,C ,d. 
. . 

II II 91 
If Erametsa s . red sulfur, prepared by combining s

2
c12 

and (NH4 )2sx is storedin.-the dark, a new allotrope· is formed. ·Its lattice 

(CsCl), x-ray i 
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color; and sublimation temperature· are very similar to NH4cl, but the 

author of this form studied S carefully and was convinced that it. was . . v I 

I a sulfur allotrope •. 

F. Sulfur Allotro~es in Solid Solution 

i . 

We have already discussed two cases of S-sel.f-solutions: first the .; 
. . . . . . . 

metastable films Which are obtained if.malecular S-beams are trapped, and. 

second the quenched melt ~ich is partly a solid solution of S +~ S • 
. . . ~ ...... ·~ 

· · We will list here two cases where suJ.fu.:r allotropes have bean studied in 

a solid foreign solvent: 

a) polar solvents• 

. 133 151 . 
Sulfur dissolves in NH

3
, so

3
, and many other liquids, but the 

·solvation is generally ~ccompanied or caused by some chemical ~eaction • 

It seems, however; that sul.:fur does;•riot r~act with alcalihalide melts. 13~ 
. I 

At 700°C1 a deep blue solution is 9bserved in an eutectic KJ!ir/cs'& mixtu· ·e • 

. If the liquid is cooled slowlyJ the melt crystallizes w.!. th green sul:rur 

. inclusions, but if the melt is quenched to 78°K1 a metastable solution is 
. \ 

trapped and re:ihains colored ev:en ;_at<:stanQ.a.rd ;~'(:;-~l1).pe.:r;~t.]<U}~S for many days. 

It is easy to ;press pe·llets from this solid1 but .the IR spectra are 

complicated and are not yet fully understood, It is not clear what allo-

tropes can exist und.er such condi tiona. 

b) Non-Polar Solvents: 

Homogeneous metastabl.e solutions .JZ.8.n be trapped by slow simultaneous. 

condensation of a rare gas and of sulfur vapor.183 Very pure solutions of 

s
2 

in ArJ Kr and Xe have been. prepared in this way. 



·;.t·· 
,,·.~ ... __ .. 

rl 3 F -44-

If .1% s2 is condensed in Ar1 Kr or Xe. at· ·a .temperature below 25°K1 a very 

pure s2-solutions is obtainedj and the spectrum of such solutions_ is 

T . i~. 
. - .··· -186 

simil.a.r to the gas ,pha;ee spectrum .. 

'"";· 

·}.:. 

' ~·.... .. 
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· V. CONCLUSION 

0~ the over 5.105 different sulfur particles observed, on~ ~our h~ie 
f' 
'}-

been obtained in pure ~orm: 1) the cyclo-octa-8 (SA); 2) the cycio-hex:a-s 
" r,,..-· 

(sP')_; 3) the s 2 molecule and 4) the s-atom• 0~ these last ~our particle~, 

again, on~ the diatOmic molecule and the a.tom are well known. For the i' 

hexatomic and ·oct.atomic molecule, the spectroscopic data is incomplete and 

inconclusive and most · o~ the thermaJ. data is unknown. The study o~ polymers 

. such as Sl-1, S
00 

and S~does not promise ~ast progress ~rom a molecular stand­

point; and it seems that much future research will' be concentrated on com-

. pleting the data: o~ the four molecules cited above. It will, however, also 

be possible to isolate and study several o~ the small molecules: Catena­

aeta-s (s:l!); s
7

, s 4 and s
3

, ~or example, all. can be trapped at lower tempera­

tures because the recently developed low temperature techniques make it 

·.possible to trap ]3ucJ;r:UliS;tabl.e pa.rlicles=·'in··meta.Stable.~~orin :1n ·:Purity .. ·a.z1d 

· quantitie€l·:silf~icient ~or·;.observation. 

The polymorphism o~ sulfur is . a wide open ~ield. We indicated that . 
'\, 

· many dli~ererit arrangements can yield similar lattice energy and it is 

likely that ~or S.,· and S a great number o~ modtlications will be ~ound. 
. A p 

Only polymorphs o~ S (S.,) have so ~ar been 1nvestigated, and the·,;:.-:) 
~ A I 

' ' ' 

· e:)tistence:·p:f!,the,:-l0'~allotr6pes .~reported has not always been conclusively 

' ' 

.·· prpved. .Astoni§>:h1ngly only two '~brms' s ~ and' sr, have been clearly under- ' 

' ·. stood' ev;:e~ though s~ is:·:stable 1;a.Ild: 'has_: beefl.:i'requeiltly·:.investigated . 

. ,, . Many modi:fications contain a complicated mixture o~ allotropes • [lhe~{ 

. _colored forms, for ~xample, all contain sl-1, and their composition is very 

·.sensitive to the preparation conditions; ~hese ~orms are also photosensitive. 
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From· a chemical point of view, the colored forms are interesting because 

of their high reactivity. The sharp limit of their stability ranges is an 
. . 

indication that they might contain one particle as a predominant compo~ent • 
. f7 
~1~: 

The po~eric forms S. and S have been well studied, but their c9,Jnpo-
. . ~ (!.) ,~-

{:}.; 

sition is not yet elear. One reason for this is that one does not yet '~ow -

','!' 

::i'. . •. , 

enough about their source, For example, the stability Of' S.,t.:_1,.n, liquid :~ul:­

:fu_;::is not established and there might be more particles in the liquid than 
'-

has been assumed~ 

Almost all sulfur allotropes are photosensitive but most experiments 

have .been performed in the light and without control of this parameter. One 

of .the future tasks seems to be to investigate the influence of radiation 

. _ on the sulfur system. 

It is not the purpose o~ this short and prelimi~ review to survey 

the methods of separation and identification of allotropes. We repeat here 

.; enJ,.y that a standardization of methods could here, and in. the enti"r·e field, 
. . 

facilitate the coordination of observations. 

Because of the large amount of specialized information available con­

cerning eleiie,ntal sul:f'ur, this review was restricted to solid and unstable 

·. allotropes, but even this relative small fraction of the whole field is so 

complex that many important problems could barely be touched. It was our 

general procedure to refer to information in the form of' a guide to the 

literature:, rather than present a compl~te listing of' data. 
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Appendix I. Nomenclature of' Sulf'ur Allotropes 

Name 

ex. 

' 

Synonyma 

1st Modification 
1st Muthmann modif'ica. 
orthorhombic 

' ·. - 13'--. ' '2nd.· Modification· 
2nd. Muthmann Mod. 

_J ~ •. ~ ~- . 

'· 

' --

··;,_. 

_ )'"_ 

8-

....... 

_ monee linic (I) sulf'ur 
prismatic 

3rd Muthmann Mod~: 
- 2nd Monoclinic 
Nacreus sulf'ur 

· Mothe:r:-of'-Pearl sulf'ur 
Gernez Modification 

4th Muthmann Modif'i. 
3rd monoclinic 

. r-monqclinic 
• I, ·' • : -,..: • I . 

€ 

~ 

T} 

J 

i 

).. 

Engel sulf'ur, 
-Aten sulf'ur 
Rhombohedral modif'. 
Monoclinic Engel 

5th Monoclinic 

4th Monoclinic 

Tetragonal 

Stands f'or-- unbound 
cyclo-octa-S 

Present Status 
of' Identification 

/Conclusive 

? St t ·t· -- · ---.c. - rue ure _,no ·-:-:-·''-"'-"' 
,/ known 

Incomplete _ 

Ambiguous 

Conclusive 

Ambiguous 

Ambiguous 

_Ambiguous 

Inconclusive 

Conclusive 

Stability 

Only stable 
f'orm at room 

· temperature 

Molecular 
Species 

Cyclo-octa.-8 

Stable~ 95.6°C Cyclo~octa-S 
.. • 

. '.' 

Metastable ("? ) Cyclo-octa-8 

~· . 

Unstable Cyclo-octa-8 

Unstable Cyclo-hexa-8 

Unstable Cy.clo-octa-S 

Unstable Cyclo-octa-8 

Unstable Cyclo-octa-S 
.. , ... 

·-- . . ,.- · ... -~: 

Unstable Cyclo-octa-8 

Stable Cyclo-octa-8 

~< •• 

_-i 

.. -........ , .. . 

See- Sec_. N 
Section 

2,0 

3~G,b 

~ ... 

;•. 

3,0,e 

3,E,b 

- .I 
. +:'" 

7 

\.... . ~, ~'· •• 'I• 

.,:•. 

' 

''· :t 
_ ..... -~f., 

'I· 
j: 

r~ 
.-:l ·.r 

' ~~ ,, 
-II 
I• 

u 
1:; 
p 

1: 

II; 
( 
it, 

·I' 
11.: 

I, 
f' 

3,B,c I li 

3,B,d ~ i\ 

3,B,f' . I 
. - I' 

. . . . . . ~ 

3 C 
. _, ',, ··--_·. ...... -.. ·~"'"'"•''''···--~--·. "" ' ;e :~: .,. _,_,.,, _, - I 

_c: ;·_ \ . -i 
3,A,a ! 
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Appendix I - Continued ' : ; ·,· ,1~: 

Name 

• J..L . 

v 

~ 
0 

1L 

't' 

¢ 

(J) 

Synonyma Present Status of 
Identification 

Term designates 
cs2 -insoluble 
po.Lymeric chains 

Term inconsistent~ 
ly used: for using 
part of J..L with spe­
cial. properties 

· · Tricilinic Mod. 

Conclusive 

Ip.conclusive 

.Ambiguous 

Ambiguous 

·Aten s Modification Incomplete 

a) here: unbound cyclo- Conclusive 
. ; hexa-S molecule 

h) often Aten-S, Engel 
~~ :-{ 

Fibrous sulfur 

Used for 2 forms: 
) 

,, . 
a. Erametsa 
b) Plastic-designates 

· mixture of m & "( 

Fibrous Sulfur 
Stretched Sulfur 

Insoluble sulfur 
1-Thite sulfur 
super-sublimation 
Das modification 

Ambiguous 

Incomplete 

.Ambiguous 
Ambiguous 

.Ambiguous 

Incomplete 

-·~----,.•·-•••·-~--- '·-''"'' •H<'-" -·····~..... • _,.,,.....,.,_. ~ '& ..-..... ~----- .. .- ___ .. , ----~-.... - ......... ·- ___ ...,_ .. ··:._.,.:" __ .... __. .......... ...: "'-:···· · .... ..-:,...~ .. • .. ;,;:... .. .~ .... -.••. .....r .... 

Stability 

Unstable 

Very unstable 

Very unstable 

Unstable 

Unstable 

Unstable 

Unstable 

UnStable 
Unstable 

Unst.able 

Unstable 

· .. 

.·.· 

~~ ~;: ·'t· . \~:1'-i:·_ ·~·-·,.),i ,., .. •'. -~-"- \·.<!:~'_ :-.~ .... ""~·· 

Molecular Species 

Catena-poly-S 

Mixture 

Cyclo-octa-S 

Cyclo-octa-S 

Catena-octa-S 

Cyclo-hexa-S 

Cyclo-octa-S 

.·. Catena-poly-S 
or mixture 

Cyclo-octa-S 
Mixture (~) 

Catena-poly-S 
or mixture 

Catena-poly 
mixture ( ~) 

.. . :.~~,t·P 

See Sec. rv 
Section 

3,C,c 
. ·~- ' 

'i' 

3 ,c ,a ................. _ .. , .... · 

•,·, 

~- ·- . •'- ' -.. ,. ... -. .. ,., ·, . ·.--

3,B,h 
' 

3,B,g 

3,C,a I 
g 

3,E,g 
. . t 

··--:- ' 

3,B,1 

3,C,e 

3,C,f 

3,D,a 

~: 

-';>', •• ~ 

b;l 

I··· 
ri,.•. 

"'.·· , .. ,i . .' 

~-
·, 

.·.t·.f 

l-1': 

lfi·. 

;•· 

I."• 
il .. ~.~ .. ,, 
;!''· !(:. 

' . 
_i':_•· 

,1~ 

!'· 

~h 
il': 

~: 
11 1 

il' i; 
i 

~·~ 

t 
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~ppendix I Continued 

Name Synonyma 

m Tricilinic 
- '~: 

n See p. 
., 

A ten Used for S or S 
€ p 

.: Brauns· Mixture, see 1-1 . 

·"Engel· ·see S and s 
.·.· ·. '. . .. € p 

w'oehier Colloidal 

· .. Amorphous See 1-1 

Metallic 

·Photo-· 
.·.·sulfur 

Irradiation 
·:·.sulfur 

Present Status of' 
Ident if'icat ion. 

Inconclusive 

/ 

Conclusive 

tnconclusive 

Incomplete 

Incomplete 

·'· 

Black a)Mitscherlich 
b)Skjerven 
c )Rice-S chenk 

Not elemental sulfur 
Incon~lusive 

Incomplete 

Gr2en 
PUrple 
Violet 
Brown 

. Red 

Trapped Sulfur Incomplete 

a) Trapped S Incomplete 
. b) See irradiation Incomplet8 

c) - ___ Inco.:ap.L:=!te 

-----------------------· - -- . 

Stability 

Very unstable 

Unstable 

ME;ttastable 

Unstable. 

Unstable 

Unstable 

Unstable 
Unstable 

.Unstable 

Unstable 
Unstable 
Unstabl·e 

.~ ·:' : .,'--.·:""•-'":' ""'->:• -..i :~.·; -:;· ,, .... 

Molecular Species See page 

Cyclo-octa-s . 3,E,d 

· Catema"':p6ly.~ 3,C,c 

.. <: 
--~ . 

.~. ~- . . :-:::·'';•· - .... '." 

Pqly-ce.tena-S 

.··. ·-

Mixture 

Mixture 

Catena-S 

Mixture of' 
. Catena-S 

Catena-.~ 
Catena-S·· 
Mixture 

'~. ~-·-

.;, •:: I 

·"',- . 3,A,e. 

3 1B,e. 

3 1A,b 

3,D,c 

3,D,c-h 

... ,, ;;;¢~>~'':-J.:~D ,~:···' 
.If 3~A b 

3,E-,c'.·. 

~ . \0 
I . 

--
l 
I 
I 
'· I' 
~ 
t 
l 
I 
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Appendix II;. Some Molecular Data 

Formula 

Name Cyclo-octa-S; 

s-s bond length 
(~,n A) 

Vaience-bond 
angle = 

-~-··i)j >~·-'t~~~·;;_l 
Dihedral 

. angle = 

1.076 .± .6 
102(o.ld) 

98.9·+.7 ·-· 

Number of non- 6 
bonded distances 

3.5A 

Molecular symmetry D 

'i. ~ 

•,/ 

4d 

::·: 

.. --

s 
6 

= s p 

Cyclo-hexa-S; 

.2.057 .::!:,.018 

102.2.::!:, 1.6 
l04(0ld) 

74o5.±2.5 
7!1:: (old) 

12 

D 
3d 

~,,.. .. · 

s = s ·~ •. 
~ 

X ~ 

Catena-p?ly-S; 
( 

c 
2i 

.;·. 
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Appendix II . 

"J;:. 

·•. 
Figure l (Caption) 

1·,. 
'•"':· -.. 

\• 

·-la). Structure of the SA. molecule ( cyclo-octa..S) ;. , symmetry.D4a. Page lp 
l· 

lb) Structure of the Sp- molecule (cyclo-hexa-S), ·symmetry n
3
a·· Page ~9 

tc) Structure ot the Srt molecule ( caten.a.-oc~a-s) ,• " Page 29 ·'··' 
'. \ 

:· .. - ·.i· 
.;: 

. ~ .... .. 

'.. ·, 

.- ... 

•:. 

·., .. 
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Appendix III. 

Molec1,1le 

Cycl()-octa-sulfur. (A. ) 

catena-acta-sulfur c~ ) 

Cyclo-hexa-sulfur ( p ) 

catena-poly-s~Ifur 

Mixtur~ 1 mmUltioo~pon~~t 
io~~~- . · · 

''\ 
'\ 
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Polymorphs of the 
Various Sulfur Molecules 

: .. 

~; . 
. . >:'. 

·~· . 

Polymorphs 

a., 13, r,a, ~,T}, A.,J, o,'h,oe. 

None 

None 

Amorphous= }J , '(, ¢, 'f, ro, n, 
threads m, v 

( ¢ ), <;t ), black, green, 
red, purple, photo, in, 
Brauns, red. · 

··~ 
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Appendix III a ... Stability Ranges of Defined 
Colored Allotropes 

~ 
.\ 

\ 

.·. ' 

· ...... _ _;..._.,._ _________ _..;.. ____________________ ....,__ 

; · .. 

;.·· 

. "• 
·:, .·. 

1'·: 

I ~: 
I 
i-···' ,., . 
i> 
! ··-

:.-·' 

.;· ,·. 

'·. 

~ ... 

' . 
o{ 

Solvent· s- Prep. T. Observed 
Cone. oK Stability 

Color Ide tit if.ied 
Spe~+~st' 

. , ... . , ·· · · Range °K -.- ·.· . '· ____________________ _;.;.;;;;;:;:=.;...l.-...;;.;;. __________ ~~~.,.....-

: .::. . 

.. ' 

.. 

--

-. : 

·:.·· 

... \ 

l •• 

·/ . .. 

'·\ 
~ \ 
•"/. \.: 

. i· 

A 
Kr· 
Xe 

A 
' 

Kr· 
' 

xe· 
or none 

A, Kr·, Xe 
or none 

'·' ,:: 

2:."5% . 

2: 1% 

100% 

35 
4- 45 

50 

35 
45 -
50 

60-170 

60 

35 
4< T< 45 

50 

4< T< 60 

4< T <1.70 

170-240 (?) 4< T <240 

•. 

Maroon 

Violet 

Green 

Yellow s + s ? 
~ 1'C 

~.· I 

. .. , ... · 
. . . ' . 

~ ' .:. ' . :, )/ ·, .. •:: 

. ' 

' r 

' 

· .... 

I ./ 

·i' 
_.;,I 

. ~-: 
! 

,.: ·; 
. ~ 

.'·' 
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I 
' 

...• :: 

,_· 
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· 2a) Structure of Sy 

. -54-. 

Fig. 2~ (Caption) 

sheared penny roll. 

2b) ·Structure and unit cell ·of s~. 

•-:· 

.t . .,. 

· ·. · 2c) Structure of S ae seen along the c-axis. 
€ 

'· .. 

~- _.' 

2d) . Structure o'f S p • Sy crystals with their c-axis parallel to.· 

: the S ~ fiber fill the spaces in the helices of the latter. 

·The structure of both S 'f' and ·,a¢ . is not yet completely es­

tablished. 

{-' 

··.-

>, .· ·. 
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. ·. '. ·i :·:·· 

. ·:.:·. 

· .. ~ '·. 

. ...: :··,··. 

', .•· .. 

• •• , 1 

.·. '• 

. . 

Fig. 3 (Caption) . 

....... ' ... 

Stability of allotropes = f( T8t~' _dT/dt, Tend) 

This three dimensional plot shows the estimated stability range c} 

ali.otropes:as a function of ·the condensation speed;, together with the 
. . . . . 

temperature of . the equilibrium sulfur· system from which they can be 

prepared. 

The various sulfur allotropes to which the symbols in the drawing 

refer are discussed in Section IV,3,d. The z-form has not yet been ob-

served. 

At equilibrium ( -dT/dt <<) only a. and 13 are stable solids. With 

increasing temperature gradient an increasing number of allotropes can 

. exist in metastable form. . The. stability of allotropes generally decreases 

if the preparation temperature is raised because of the increasing number 

of less stable-particles. 

~ . ·_ · . 
. • .. 
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. ·.; · ... ··.· 
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Appendix IV · 

1.) Specific Heat 

T, = 298.16oK cop(C~l/dcig~g:at:) so(Ca1/deg.g.at.) ~(Kca1/g.at.) Reference 

a. (s) 5•4* 7.62 295 

(3 (s} .. 

. sat. (g) 

7-78 

40.1 

102.7 

.009 

53-.11 

30.85±0.15 

24.35 . 

* 35-95°C: 5.2688 + .Oo6121T - 8.164 x 10-6 T2 (Ref. 295) 

·**101-115°0: 5.2630 + .Oo6857T + .o8039/(ll5.176-T2 ) (Ref. 295) 

·Note: Cp decreases from 95-10l°C. (Ref. 295). 

i· 

295 

Landolt­
Bornstein 
Zahlenwerte 
und Funk­
tionen, 6th 
Ed., Vol. II, 
pg. 184, 4. 
Springer, 
Berlin (1961) 

II 

II 
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Appendix rl _ . 

2.) Transitions 
· .. ',· 

. Transition . bi3 I 0 • cal g.at. Ref~' . 
. . . 

a.-B 368.46 ± ~o1 · .. o96:,: 16.Kc~l/:.~t. .261 ± o.o02 295 

13.-? .374.2 7 ·93 

· a.-subl. ~ A.. 

· f3-subl - A.· 

· · . fusion a.-A. 

368.5 

368.5 

. 300 

.. 383 

fusi9n f3•A. 388.33 

· A. -rc · . 4 32' : · · · 

· ·polymer. A.rc-~ ·, -442.8. 

"' vap. A.-A. 444.6000°C. 

· 7;s sA.-S
7 

.. 
4oo~. 

·. 3/4 SA.-86 400 

5/8 SA.-S · \. 4oo 5 . 
'· . 

1/2 SA.-84 400 

3/8 SA.-8
3 

4oo 

i/4 SA.-82 4oo 

*' 1 g. at. S = 32.066 g. 

..• 75 

2.88 

·58 

2.5 .·. " 3·5 

5·7 Kcal/mol 

6.2 II 

14.3 " 
20.5 II 

22.5 
. II . 

:~; 

23-5 II 

32 

+ 

295 

279-280 

279-280 

··26 

26 

26 

26 

26 

26 

.. + J. Berkowitz, W. ·A. Chupka, to be published 

·. **.K = (rc)/(A.) = 1.137 x 105 exp. (-16520/T) 

: tt K3 = (rc)/(rcA.) = 10.43 exp. (-1596/T);: 

D s ·~ 4 4 ev26,4o 
0 2 ' , 

) 

This selection of recent values differs considerably from older selections 
(ref. 202, pg. 852). · · 
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202 3 ~) ·. Triple points 

Appendix IV .. 

.,._ 

1) a., 13, vapor 95.31 oc 295 

2) a., liquid, vapor 112.8. 

3) . 13, liquid, vapor.119.3 

4) a., 13, liquid "" 152° 

4.) Melting points - 132 , 202 

a. = 112 .8°C ( ideal ) 

·13 = 119 ( natural m;p.) 

= 114 ( ideal m.p.) 

y == 103 • 6 (? ) 

·.. m: 330 subl. 

boiling point SP: 

5 •) · Bond Strength: 

H2S up t~ H
2
s6 

s
2
c1

2 

sa 

64.4 

64 

6.) S..S Stretch F;equericy ·, · 440•550 
. ' -~-~ . ·. . .. 

680 

. •1 

' ... _,_ 

._,;·:-· 

: _., ···; 

.·.·'' 

.00376 mm Hg 

.013 mm Hg 

.018 mm Hg 

.v·l400 atm. 

Reference 

101 

204 

202 

177 

195 

.... -:-.. 
. -··."-t• 

\-
~:-:;;~, 

·-.'~ ... 
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Appendix :V . ·· 

Survey of ESR Studies 

;·· .. -::; ... ·~ -.. :.: _:..:·r ,-·--~. - ., • l ._ 

' ., =============::::=========:::::::===========::;:=::==== . -~. . ... . ~ ~ .... ! .. ~L 

. , . ~ ~ .. 

''.·_I' 

. '\ 
.·... .· .. 

·'.,. 

' ... 
> 

... i' 

Material Studied g-value . band-width ·• spin concent. ·· Ref . 

-~." 
liquid. 

· ... 

:plastic 

green 

purple 

black or dirt 
(see 256) 

free electron 

'·-:"' 
.· '/ 

... · 

'. ~ 

j.'· 

· · gauss per mol -;· 

' .. · 2.024 ± .002 .. 
·' 

I, 

. -~ 

. ' 2.0044 
·~·· 

2 .010± .002 

2.0 20 
.. 

2.010 

. '2.0023 

,·.· .. 

.' . 

.\\ ' . 

. '· 
· ..... ·. 

. ·: .. 
·.: .. ~· 

;;, ·.· 
·," 

... · '•' -~-~ :· . 
'·r 

. ·.·~': ; : 

40-60 

9-5 

8.8 at 78°K 
2.2 at -78°C 

8~8 

7 

·.; _.,, 

10-3 at 300°C · : Gardner, 
(increases by 118 -120. 
2.1o2 from 190 
to 375°C) 

·. 10-5 Pinkus 
2o8 

(see 79) 

5.10-2 Chatelain 
(six com- 49,50 
ponents) · 

R. 23l ' 

~ce 

Gardner 
ll8,120 
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AppendixYI 

SurVey of Related References 

References of fields related .to sulf'ur· allotropes are compiled in 

reversed chronological order. in the following siX sections.·. 

·A) General Reviews 

B) Liquid Sulfur 

C) Sulfur Vapor 

D) Compounds and Reactions 

E) Photo chemistry and -physics 

F) Spectra 

A) General Review 

202 The most comprehensive surveys are given by Pascal (1962) and 

132 . . 225 
Gmelin (1954). General. information is reviewed by Pryor (1962), 

' ~ . 

\~: 

··.:: 

. . . 

Schmidt249(1962), Wells (1962)294, Donohue80(1961), Gee123 (1958), Gee
122 

99 283 . . . 
(1955), Feher (1954), Tuller (1954), and many others. The earlier sur-

.::.:·--··:··· · .~ veys of Yost~03 (1944) and Schaefer241(1940) contain much obselete data and 

a rather confusing nomenclature. The best review of old data has been com-
. . '·., 226 

piled by Quicnke ( 1908) • 

. B) Liquid Sulfur 

S . nk244( .) urveys are given by Sche 1957 , 

Fairbrother95 (1955)~ 
. . . . . 279 ,280( 6 ) Theories have been developed by ,Tobolsky .. · 19 1 , Gee ( loc • cit ) . 

Powe11215 (194 3) • 

Viscosity has been discussed in.Powell (loc. cit), Bacon13(1943):, 

Farr98(1928) and Kellasl57(1918) •. ·~· ·; 

,· ... 

. f. ·-;·· 
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Applmdi.X VI - Contin~ed· 
- . . . ' 

· Strnctur~ has been described by . Thompson 277 ( 1959) ·, 
-' -.... 

. · ··' 

. . . and_ Krebs167 ( 1953) •. 
: _,_ 

- ~ . / 

·· · · • · Electric Conductivity data, see Gordo~l35(1954) .' 

·,. 
Heat Capacity, Braune37(1954).-

'1 ! . . .. .. ~-· ~ . ~ 
Specif'ic Heat, Feher ( 1958), }3ra.une · ( 1954), West . . ( 1929) and- "· 

_ Lewis174(1911). 

The f'ree electro~ character· is treated by Poulis212(1962), Gardner12~ . 
. 100 
· (1956) and Feher (1954). 

The surf'ace tension by Fanelli97(1950).and the colo; was discussed 

· . by Kelker156(see .also sp~ctral ref'erences) .' 

· C) Data on the Vapor Phase 

~ 2~ ~4 . ~ 3~ 
. Berkowitz (63); Poulis (63); Jaeckle (61); Briske . (60);Zietz (60); 

· 101 · 33 4o 32 34 35 
. Feher (1957); Bradt (56); Brewer (1956); Bradley (54); Braune ' (52); 

West296(51); Cibronsky52( 49) ;. Ture11284( 47); Klemm59 (41); Ne~199 (34); 

West297(29); Lewis174(11) . 

.. D) Sulfur q~mpounds and Reactions of' Elemental Sulf'ur 

' . . \ 225 249 .. 
Surveys: · Pryor ( 1962), Schmidt ( 1962) and organic sulf'ur com~ 

pounds Vol I. (see ref' 80)(1961); 

103 . 197'. 250 
Special Problems,: Feher ( 1963), Nair ( 1963); Schmidt ( 1963); 

Foss lo6-lo8 ( 1949-60); Koros164 ( 1960) J Kovalskyl65 ( i960) Pryor224 (1960); 
. ' 110 . . . 117 .· .. 
Fredga (1958); Ingrahm151(1957) Garcia (1958); 

Skirai253( 1951), Aynsley11( 1935), Lewis175 ( 1918). . .. 

99-101 (6 . ' .. ' .·. '. 6 ) ·, 
Feher . 1 contributions up. to 19 3 • 

j : .• 

,._, \ :·,:_r '."·.' 
-"-' ! -

. .· .. ~ .. 

.·-'. .\•' 

·. •· ,· 
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E • ) The In:rluence of Light: 

.. : 't: 
-~ 

1 
l ., 

Studies have been made by:. Bartlett22(61); Erametsa88 , 89(1959); . 

......... , 
:-.- ..... ~·--·..2.-:... 

Bartlett17(1956) Dha.r72(1948); Dufraise82(1946); F~igl104(1944); Wigand~00, 301 
. 227 .. ·· 170 

(1911) Rankin (1907) and originally by L~lemand (1870). i i 
:L~f 

. . 

The photoconductivity, chemiluminiscences and piezoelectricity wer~ 

. ·investigated by: Zhelndev305(1962); Dean67(1960); Chetkorov51(1960); ' 

.• Dorabialska 
81

( 1957); Fridkin112( 1.956) Sokol~va266 ( 1954); Nadzhakov196 ( 1954) 

and Moss 191(1951): · 

F.) Spectral Studies: 

~aport The spectraum of s2 is being restudied carefully by R. F. 

Barrow and coworkers (Can. J. Phys. 41, 419 (1963) and Can. J. Phys. 4o, 

377 ( 1962)) and a new system ( ? ) has been described by P. B. V. Haranath · 

(z. Physik. 173, 428 (1963)) a survey of earlier studies is listed in B. 

Rosen: Donnees spectro~copiques concernant les molecules diatomiques 

· Hermann, Paris 1951. 

23 136 Polyatomic molecu1esr·.have been studied by Bass ( 1953); Graham ( 1910); 

. Gernez125 (18~2) and Sa1et238 , 239(18n-72). 

Kelker156(1954); Poulsen-Nautrui~14(1954); Bass23(1953) i Gerding
124

(1943) 

and Fukuda116(1922). 

271 182-186 . 230 
.· Solid Phase: See Srb ( 1962); Meyer ( 1962); Rice . ( 1960); :, 

. . . 16( 50 51 124 200 201· . 
. Barrow 1953); Bernstein ' (1951); Gerding (1943); Norris ' (1942); 

Venkateswarlu
286

(1940); Venkateswaran285 (1936) B~es15(1932) and Tay1or276 

(1927). 

Solutions: See Clark53 (1963); Bartlett17-
22

(1956-61); Barrow16(1953) 

Baer
14

(1949) Gerding
124

(1943) and for. organic compounds, Passerini203(1960). 
. . . . . 251 

Normal coordinate analysis have been performed by Scott (1961) and Pis-

.. 211 
torius · (1959) and Venk.ateswarlu(see 211). 
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