UCRL-10768

University of California

Ernest O. Lawrence
Radiation Laboratory

4 )
TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
U J

I UNSTABLE SOLID ALLOTROPES OF SULFUR

6 Sercy

Berkeley, California




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Ly e

VAL

.| vorz-10768

“ L
[ SO .

U’NIVERSII‘Y OF CALIFORNIA

Lawrence Radiation Labora.tory
Berkeley, Califomia o

R .'Contract No W 7405 eng-48 _

UNSTABLE '.-SOLID ALLOTROPES OF SULFUR *~ . °

'- Beat Meyer

: :'_E‘»-‘AUG MRQ - "




ABSTRACT

\”"I;j‘Introduction fbﬂﬂ¥$=f,-gaé%*ifaﬂiflfi':»‘.*i“**« DR

i II.T'Nomenclature“

f.igiij;QiII.:EGeneral Data About the Element

L l) ‘Sources . e ) ik  5ii;iﬁ f“- :f§"7e?:s;f.ﬁfv » :.1ﬂ[j4 ;

'5;i  2). ‘Reactions 'ff";if;*}f}.;/¢ff-e ﬁf;l_’e-er‘r,-'rg‘g. 5.

if 3) Purifications : xf”p: 5,}f4 "je;t wffg.-j m' f,e<'v 8

nWTIVef;Allotropes |
1) Intra and Inter Molecular Allotropy 77;ff¢r?"h [RRT- o
e T g

'"2) Stable Allotropes

‘1V7 ) Unstable Allotropes *T1i e?§fff[gff-ef;i7fjj" f;e5[' 19:
. . : o
20

' A From Sa

E B.' From S>b in solutionﬁﬁﬁ
:¢C From the melt f;i;eﬁ»'

D. From the,vapor'f.

"f'26) |
- 33;,f-:

E. From cempeuﬁdsffbif}fi_;iiﬁ}g;ﬁf7“ffﬂ o -Qﬁifle’.39
F. In-éolidnsolutiehf?fefﬂf;efﬂifelis'e' “r;“':La"ef‘ u3i
. .Conclusion . "if--1,iﬂf‘?f::*.fa-f?ﬂv;;Veﬁ‘37; 5 o f v L5

e Appendices

T

” f¥ﬁ*fNomenclaturev ﬂﬂﬁﬁt}'d."

51»ff23f:Mblecular Data ‘1ff ; :_'eg';f,f;',“ffef:: S 50
| *eﬁﬁsigffPolymorphic Forns . . ',"’: Jfﬁyffni;ffﬁibifﬁ-FCff»e 52
3A4 Stability of Low Temperature Forms v; - ff{

fi}#} Selected Thermal Data S 56

e References for Related Problems",;ff 6o
" VII. Bibliography S Ceel oot s 0o Bel

o




~ ABSTRACT

This report is 8 preliminary re‘ir'iewv'of the allotropic forms in which

! elemental sulfur has been observed below 30°C, The nomenclature » pur

" ecation,. prepara.tion and ma.ny properties of 33 molecules and modiflcatiogs L

. .are discussed in the form o:f' 8. guide to the extensive but uncoordinated

literature in this field‘

"{v‘
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Mbre than 30 sulfur allotropes have been reported and a large amount of
detailed information has been accumulated during the last 150 years, but many”
basic properties of sulfur are. not yet known. Mnch data is so inconclusive
‘:jivor contradictory that it is difficult to establish the present status of our
jzili knowledge, ‘and an inconsistent nomenclature hampers the coordination of obseraﬂ

. hations. ‘We find three causes for this situation- »§

1) Many authors ‘assumé that’ sulfur, being an element, should have a simple

behavior'pattern. Based upon this assumption, the interpretation of experi-

‘ mental data concentrates frequently'upon expressing the observations in a very o
-3{; small number of parameters- This approach is wrong because the behavior of

‘p sulfur is'complex snd capricious'and can only be reproduced in a well defined

77}system. It has been observed; for example, that an allotrope can show differei -

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

.&;3vestigators. It is tempting in this case to doubt the reliability of some of '

vthe-observations and to select a single report as describing the situation
L correctly. waever, the true cause for such a confusing situation is frequent-
: f,ly the omission of a parameter. In the example cited above it is the aging

" .7 of the sample, the time.v In-other ‘cages minor disturbances such as sunlight, 12

nh*ﬁ?recxystallization, etc., can cause the formation of a variety of allotropes
v.“which ‘all have similar stability. The half life of many of these forms can
_ ”Ai:be in the order of the tﬁme required for investigation and the sample changes
’:;;:i:its composition slowly under the hands of the investigator.i It is hard or
lff’citri :Gsimpossible to isolate one single allotrope in suchua multi-component system.'

”Often a mixture is 80 complex that it can be mistaken for a new homogeneous -

’"}-form.,vv'
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2) Impuripies'are another source of confusion: the properties of éulfur_ -

13,20 Selenium}265 22528ndl‘;jﬁ

" depend critically upon contaminations. hydrocarbons

‘many other impurities react with the element already under mild conditioﬁs and. -

}

cause time dependent observations. A satisfactory method for purifying S was 'A:V";

' 14developed only in 1943. 12,13 Earlier data were obtained with samples contain— .l 

1ing considerable ~emounts of other materials, and even in recent years th@ in--
bz‘fluence of contaminations has been frequently underestimated. %
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 groupsg. Therefore, the literature contains a considerabig -
;f amount of observations which are uncorrelated to existing data, and, as a N

# matter of Tact, the same information.has been frequenfly printed twice, but
in different terminology. This situation could be improﬁed;if a survey of
?f this field would be available. | |

This report represents a short and preliminary attempt to review our

©  present (June 1963) knowledge about solid sulfur allotropes. In this context

sulfur is considered solid at or below standard temperature. Wherever possibleﬂ 

' fi_é systematic réigtionship between formation, structure and the origin of the 
.',different alltropés isvindicated. It seem arpropriate to refér occasionallyi
';4t¢ old literature since the:wprk;of recent'years has confirﬁed some old obfl

'servatiqns which had been considerediincorrect for a_ldng time;

v



- II. NOMENCLATURE

The lack of cqofdination of knowledge sbout the different sulfur al%o-
tropés shows clearly in the namenclature.A A systematic nomenclature doe% not
existloo and there is not one generally'accepted name for any allot:rope.fi As a
result»of the many ciiteria which haﬁe been applied to the labelling of éulfur,
most forms have several different names. Often, a modification was first named
after a particdlar property which the discoverer.wanted to- stress. Someiallo-
tropes were, for example, called purple, green and black sulfur; and orthorhom—
bic, prismatic and monoclinic sulfur. Uhfortunately, most of the mentioned
A properties do not conclusively describe a modification; thps a second definition -
was iﬁtroduced or added, euch as bth monoclinic form, or menoclinic form of
Gernez, etc. Another insufficient nomenclature refers to the origin or the
preparatien of a samble, as in precipitated sulfuf, sublimated sulfur or
Fragsch sulfur. In an attempt to clearly label different allotropes, a Greek
. letter nomencleture was Iintroduced, but in explaining new observations these
letters were distributed very freely. As a result, Greek letters often dovnot,
designate equivalent particles, but stand . sometimes. for molecules,. (e.g. sx),
sometimes for. modiflcations (e.g+ Sa) or even for complicated mixtures (e.g. Su)
. elther in the liquid or in the solid. A further difficulty encountered in
the lite;ature is the frequent renaming of allotropes with new or previously
used syﬁbols. Such a case 5: accidental or'purposeful name-shifting is, for
exemple, Sp for which we list here only a few‘synonyma: Sy, Sx,’Sn, S, ete.

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

other names only where considered important. Appendix I lists the common

names of some allotropes.
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- ‘III._ SEIECTED GENERAL DATA

The geﬁeral properties of elemental sulfur and many of its ﬁodificafiohs ?ﬁj._;ﬁ
7:j;_are reviewed in feferences cited.in Appendix VI but the various allbtropés a
'* 'differ so much in thelir behavior that general and over-all data have onlg
ffilimited velue. It 1s the purpose of this chapter to indicate the source} and
>i::the reactions of the contaminations and then to mention the best purific;tion'_'»_
| metb.ods. | A |
1) Sulfur Sourcésy

Commerclal sulfur 1s derived from two sources. First, it can originate
Jiftfrom the vast natural deposits of the element and second, it can be formed,
v\ i[generally as & byproduct, from compounds. Until 1914, most commercial sulfur
came from volcanie sourceé. This sulfur formé large crystals (Sa) which afé'
B yellow;-brownish, due to a rather large impurity concentration. A m,é.terial

- conteining up to 9909%.sﬁlfur is now produced by the Fraschlo9'

method, wh?}h
>’; iﬁvolvés melting and recrystallizing of the‘élement under waterﬁvayof Preééure;'
. The main impurities in elemental samples are: Air Inclusions, wafer,'hydroe |
*i sulfides, héavxgmetal‘sulfides,'sulfoxy acids and some As, Te and Se. Ccmmer-v.fn
4 .f'cial sulfur is g;nerally a mixture of different allotropes, containing meinly ;i
3 {f‘ﬁSa and.sé; Beside.the stable Sa—forﬁ, two unstable (STP) modifications héve‘.
:vf been observed in natures SB énd,ST, both however.onxyjin small saiples.
The most popuiar,fozms of sulfur'a?e precipitated sulfur, sublimation |
vn'sulfur; end sulfur flowers. They ell are.obtained from compounds and contain
':f=the impurities mentioned ‘above, and often in addition dust or solvent traces. ' ”
 ffSome allotropes fo:m only during the decomposition of sulfur compoundse In5. ‘

'_' the Laboratory several methods ‘are used for precipitating the element.
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"The mechanisms of these rea.ctions66 225 (see Sec. IV, 3, E) involves alwa;;ys

_':f‘_ the formation of polysulfur chains in compounds which then degra.de. Du.rfmg

.- the wet’ prepa.ra.tion of the element, a va.riety of’ allotropes are formed a.nd

e coprecipitate with sulfides ’ o:qracids and solvents.: It is ‘hard to purify the
S EE
*_»}. element in this form because it ca.n react with the contaminations during the o

' .;'iv purification process.
' 233, 234

A new prepe.ra.tion method ‘has been reported 'by Rickert who has L

i "_recently developed a° sophisticated electrolytic ceIL'l. f‘rom which sulf‘u.r can _: 1'
be relea.sed in precisely measu:red amounts. ' |

| 2) ‘Reactions - I | . |

Sulfu.r reacts with a,lmost a.ny ‘element, o, T s B

~ We refer here however only to gome selected reactions with impurities. .
;:f’;'Fo'r a more complete discussion, see Ref, 117, 133, 225, |
Be.rtl tt 17-22 has demonstrated that the rea.ctivity of sulfur depends very o
much upon the molecula:r structure, but so fa.r only few forms have ‘been studied.
' The bulk of obser'vations reported refer to unspecified mixtures, the composi-
tion of which can only be guessed a.t from the rea.ction conditions and the |

: ."A:"reaction media. . Often a.'l.lotropic transitions are involved in & reaction
;‘v:::mechs.nism, and it is ha.rd to isolate the rate determining species. Only little“.‘ .‘
is known therefore s.'bout the reactions of sulfur | ' e N

'I'he use of radio-active isotopesh?” 172 fa.cilita.tes the study of reaction
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mechanisms often, but rela.tive little use has 'been made 80 fa.r of this method 17’1 7

A) The ‘pure elements

A great variety of intra and intermolecular arrangements have such a . '

'similar stability thst even ‘careful handling . can bring about & transformation.ie-'zg};ﬁ

Such allotropic transformations form.the body of this report and will be gis~; |

cussed in Section IV, _ o "] T v ii _?7‘5
- B) With agueous Bolutions:: | i ‘ sy

o The reaction of the element has been studied under different conditions.;§§':

‘ Ehe mechanism 18 not yet known,?25 but “the products are highly water soluble

»"f; and it is-probably that they catalyze the reaction.

Since sulfur is water insoluble reactions are often performed in a mix~

-ffyture of an aqueous solution with an organic‘solvent.

C) In onganin solvents°
Sm and ahmost all allotropes but Sy are fairly soluble in Ethyl-alcohol

Y benzene, toluene, 0S,, CCLy, CHCL,

and many other solvents.lso 303 Reacti s
- are brought about by introducing the reagent directly into the solution, or

by mixing the solution with an acetonic or alcoholic agueous solution of the

reagent, It is\not yet clear how much the solvent partakes in such reactions,

but they often form compounds with sulfur: acetone, for example, gives with <

‘Lsulfur a deeply colored solution, and alcoholic solutions always smell from

301

S Hés the formation of which is strongly enhanced by light. Polysulfides ?'Q

ﬁhfare also detected in hydrocarbons and if sulfur is dissolved‘in cumene and

- heated to ~112° The last reaction involves probably open chains of the

225 Such.chains have free radical characterl§8 and make sulfur an ' l' v

224 278

elements.

L excellent polymerization inhibito fo 'polystiryl polyvinyl

-»}-polysulfenyl and,many other substances.-'
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- Nucleophilic reactions. Even weak 'ba.ses atta.ck the sulfu.r molecules in

““:;‘._'_vsolution and Ph31>,17 o, 8 et [(CH3)28112Ma i

"Q':"S ring and degrade 19 the cha.ins under formation of the corresponding S-ccnpounds. -

for example , open the octa.—

Ammonia and triethylamine 3 rhowever, react with the 38 ring only in the pnesence - o
L of arylsulfide.ao The reaction with arylimines is not yet clea.rly understood.
BT on reacts with sulfur at 1oo° quickly and leads to the formation of |
thiosulfate which then decomposes on fu.rther heating into sulfate and suifite. : |
’At temperatures above 200° the latter ions are formed directly from the &B.ement;. -
| | The most important reaction for our discussion is that of the SH ion.

The SE or S H 1s often present as primary impurity, or is easily produced
; " through the reaction of hydrocarbon impurities with hot sulf“ur It polymerizes -
: jjto long polysulfide chains which in many respects react very similarly to the L
. ’ chainsg of the element. A mixture of elemental and sulfide chains can hardly
be separated. This is responsmhle for. many of the coni’using) and contradictory
| observations assigned to the pure element. (See, for ;exemple, data on viscos- - .
ity of liquid § . 12,97y | |

If sulfur colloids are stabilized with NH » sulfide ions are also present.

L 3’ v
Electrophilic attack on the sulfur ring has not been observed in solutions ’ but o

3 occurs in the pr\esence of concentrated acids.

D) Rea.ctions at elevated temperatures.. _

During the preparation and, purification process sulfur is either melted '
or evaporated. It reacts under such conditions with ai 165 and almost any |
‘ :meu.rity. Orga.nic contaminations decompose slowly and form mainly SO whiche

evapora‘bes,l HES which is highly solu'ble in the melt,asl‘ and car'bon,29l

wo fi' which deposits together with a mixture ‘of insoluble material.le Such ca;rbon -

;.i-.deposits are ‘black and a sensitive indication for the presence of impurities B

o e S e
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(see page ll) S:Lmilar spots remain after the distillation of sulfur frqzm

ﬁ

o sulfur. No reaction is obser'ved when ~t:he element is ve.cuum distil_'l.ed. @.;.a.rtz

'_glass does not’ ;reac‘l; wi'bh sulfur ve.por 'below lOOO°C. " Black deposits formed in

Tk AT "black Bulfur")

-

i g

E) Other reactions.
Sulfur forms dark blue, qua.si—metellic solution in smmonia 133’ 1'75

other liquids. With oleum or SO, & red product is precipitated, which is be-

3 o
lieved to be [SO "8, }. 2 In e.lka.liha.lide melts almost any color can be pro-
duced’ 137 and:iremains after trapping for a long time.182 .So_me of these solu-

: f_“t:ions are pa-:ramagne’cicl5 1 and contain diffe_rent.active species, but only very

o ‘little is known about such systems. _

Sulfur and Selenium can be intercha.nged in crys'ba.ls138 13? and chains67”vv'
265

265,

a,ctive isotopes in the liquid a.nd gasTl phase.

3) ‘Purification methods
N _
Sulfur is often considered ‘pure'. if conteminations cannot be observed

or do not interfere with an arbitra.rily selected set of tests. The purity
) ;f"requirements however vary from one experimen'b to another, and the above
definition is only su:f’f‘icient if the ’cests are at lea.st as sensitive to con-’ :
_’ taminations as the investigated propertiesx Crystallographic data and ma.ny
: other pro:perties of sulfur can be studied accurately on volca.nic crystals,
but less than .az% contamina:bions ‘cause alrea.dy an inconsistent viscosity of -

the mel't ,l§ _and 0002% of SO‘,.3 ce.ta.l;y‘ze the reac'bion with tnphenylphosphine .,21‘

'_glassbulbs.]_'3?. They are believed to come: from the forma.tion of SiS and other i: S

- sulfides on the glass surface which is quite reactive at the boiling point of"; '_._',-v: ]

pure sulfur he:ve also ‘been ex:plained by a.sswning & new modification.25 6 % ?‘(See o

‘but’ _not in rings and the Se-S system has been studied with the help of radio .-

W



' ':to recrystallize sulfur from orga.nic solutions. In this Way one can o’btain

We will list here some methods which can be chosen to purif'y sul:f‘ur to

'_f, the desired grades |

A) Conventional methods: 2 i D -=

The most commonly u.sed a.nd. most unsatisfactory purification procedu.re is o
l

“ ‘beautiful crystals ) 302 but they contaln besides solvent :anlusions still more

© than .3% H,S and .08% 50, 21 Tne ¢s, inclusions in a S crystal growm :Lx;, tnte
way have lead to & wrong assigmment of the infrared spectrum.an '- ‘“

‘ Often sulfur is sepa.rated from insoluble impurities by filtering through h
i_:::glass wool.' This process does not remove any soluble impurities, but helps |

"." to sat-urate the vliquicl with atmospheric gases and frequentl& introduces dust.

| 'Another method consists of' washiné sulfur"with acids. If ‘bhis. treatment
:/‘».,. is not very carefully controlled. and completed, it leads to a sample saturated
with water, ecid end oxydized organic contaminations.

The distillation of sulfur under a'lznospherica_. pressure cannot be recommen-

. ded. vThe‘ pyrex containers react at elevated. temperature with the element, and

' many impurities d.istill together with the sulfur and react to form new compounds. ‘v
B) New Methodsr B
Du.ring recent years two conventional methods have heen sophisticated for

. the prod.uction of a very pure element. The first :Ls zone melting and was

"-f'i'_; used -78 to grow crystals of Sor,' and’ SB.' The second ig an electrolytic method '

o separation of sulfur a:llotropes on

. which vas developed by Rickert.?33 e desisned a Pt-Ag*A%S‘A%I‘P’“ cell from.

= 1which sulf‘ur can be released quantitatively. 3l+

Erametsa9 has proposed the use of Chromatography for the purification and.
2 3 and silica gel columns with CS as |
S solvent ,. but the reaction of sulfu.r with the column materialag seems to




L ; *&e‘x’raluate this otherwise elegant method. Schenk a.nd cc:r\',e'orkersal_"8 obser‘ved a

of isotopes and the geparation of pure sulfur in small quantities.

'.a.fter the prel:iminary tregtment, both disadvantages are removed.

=10-

.l_g,

A.‘""With a CS nROH mixtures Ma.ss spectroscopy has ‘been a.pplied for the enrn.c’hment

C) Clagsical Methods: - _' o | ' ‘ |

very small f-va.lue for the separa.tion of different sulfur allotropes ‘on pﬁper c

a) Bacon and Fanelﬂile’ls’ prepared ‘sulfur which has a reproducible R

"'_;-4__"viscosity over the whole temperature range of the melts sulfur is boiled.*for _

ta.ted impurities, and the whole process is repeated twice.

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

has been obt.ained, from sgamples purified in this way. There are two drawbacks

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

180

b) Murphy, Ca.lbaugh and Gilehrist?3 use the following method.

Sulfur and sulfuric acid are heated to 150°C, and nitric acid is slowly added

over a ‘period of. 6 hou.r‘:so The melt is then cooled and washed and heated under

- wards cooled again and transferred into an empulla. A Water is edded and the
. ampulla is sealed under nitrogen and, hee.ted. to 125°C. The last process is -
repeated three times a,nd ‘the sulfur is then outgassed ‘at 10 mm Hg I.\T:Ltrogen

- a.nd finally sealed in an ampu_‘Lla.

The authors indicate the testing methods used. to determine the concen-

tre.tion of contaminetions. _ 'I'he a'bove procedure yields 8 h:x.gh purity meterial

B on which the present valuesag-s of the melting points of sulfur are besed.

1&8 hours together with 2% MgO. The liquid is then filtered to remove preclpi-'

2. time it is filtered, a.nd gecond an appreciable ‘amount of Mg—se.lts, 193 .02% HQS

. ana .006% 80,  are in the melt. If, however, the sulfur is vacuum d.istilled; N

reflux with Helium or dry nitrogen bubbling through 1t. The sample is after-
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'_ (Se'e ,AppVI). The method is however time consuming and requires severa; high

_f.cause the forma.tion of new compounds,l& which can only be removed through long

and careful OUtgaSSing- This method. has therefore to be combined with vzcwm |

v.-."fg‘;'{,‘distillation %o give the best resu.lt.
= Zi¢) A very simple a.nd effic:Lent method has been developed by.
M;’."v".-‘Wartenberg 290’ 291’292 Sulfur is melted in a loosely covered roundflask | xand -
. & ved glowing quartz heater (~TOO°C) is inserted into the melt. A carbon de-

posit is formed on the heater and should be removed daily‘ After one week the‘ 0

e fla.sk is connec ted. with a pmnp—system a.nd. the sulfur is under vacuum distilled

".:_and sealed into an azx@ulla.

' This purification method is based upon the following processes. During
"»;' the long heating time all material is brought into comtact with the heater.

| The impurities either decompose completely and form volatile products, which

: v'f‘ﬁ escape , or insoluble -carbon, which deposits on the heater. Skjerven 255, 25 6

I
|
I

.. E proposes to bubbling SO through the melt to enhance the decomposition a.nd
.removal of HES-‘» In the final vacuum distillation, the ‘sulfur is separated from
: ll the insoluble i{eaidue and outgassed. . | o
This lagt method seems to us the best way for purifying sulfur.

A Methods for a qua.ntitative deter:mination of impurities are given by
Murphyl93 a.nd many others. 13 13? Several tests :Lndicate quantitatively the |

G
k .presence of impurities. Clean sulfu.r is light-yellow. At the melting po-,nt S

ICTRNN S the liquid 1s pa.le yellow end has a lower viscosity than weter. It does mot

wet the glass wa.lls 3 nor does it smell. After heating the yellow color of

s the solid is reproduced. As little as .O)-l-% Oil produces 'black spots in the

' liquid-; Y Precipitation comes from Meta.lsulfides s dust or silicosulfides.

purity chemicals In addition, the concentra.ted acid and the Water treatpents B



Iv. ALLOTROPESY
l) Berzel:m.s3 introduced the term a.llotrope for the different fo :

which an element can exist. Smits,esh de: Leeuw 113 Ca.pisaroff 56 artmahn - “,

54,168

1a.nd many others have developed theories of allotropy. We w:.ll ta?e‘
' _;’b'_here a molecula.r ponrt of view and. distinguish in ‘between two sources fo::b

) the vardety of the appearance of sulfur; first 3 the d;fferen‘b wa;ys in wh:;ch
u the a.t.oms can combine into molecules 3 &nd second the different manner in

,_,7;'which the molecules can ‘build up crysta.ls We will discuss 'these intra- and R

. L 5 in'ber—~molecular a.rra.ngements separately.

POUE A

" A. Molecular Variety

. Sulfur forms rings and unbranched chains. Molecules with 1 to 10 atoms
26,306,33

In liquid S, at a temperature

176

SR - have been obsgerved in sulfur vapors
R '-‘,;.between 159° and the boiling point (Llk.6°),

polymer chains predominate..v
: ;i-v_‘l‘he average chaln length varies in between 8 and lO5 atoms.” 273 At the melting_'.;;,j_-'-'vf - )
point. the llquid is g m:!.xtu:re of ca‘bena«octa—-sulfur S”-) ‘and cyclo-octa—sulfur :
o } (S )e By sudden cooling a.ll of the molecules mentioned can be’ trapped as o
solids, but only cyclo-octa-s 8 X is stable at room temperature. All othr.jrs A
B .lconvert into the )\.—fonn with a half-—life in between about a mllllsecon.d, und B
il one year. v |
| The compara.ble stability of a varie'ty of different molecules is typical .
"I..,..'ﬁ'ifor sulfur. This has to do with the electron configuration ((Ne)3s 3p )
' _"vé':;w.hich is vs:.m:Lla:c to “bha.‘b of Oxygen. Sulfur has however a full Neon shell .
7 ama eﬁgiy'd-orbitalsvéﬁeilablég Tt is thus generally assumed3’9h’2°4 hat
ul:f'ur can ac-bivate these d:-OI‘bl'ta.lS for the fomation of de hybrn.ds and dr‘ '

g :'bond.s 'I'his assmption requires a brea.k-down of the octet ru.le , and 1t is :

v-v,_»‘:- -
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f* believed that both electron octet and decet (gor example in cs ‘) configurations
_iifcan exist.v Large chains hame biradical characterl;a 1?9 and therefore o&tet '_ B
{Jstructure,(I) while small chains might be stabilized by resonance. 77’ hé(See ;;j: i'

;fhowever 8. )

1) agttagtSs /S

. III )e S/ﬁ\s/ﬁ\ﬁ/—\g

“?It has been indicated, 5 however, that the promotion energy for a -decet r;ght
».fbe much larger than the energy gain through a dpw 1719 bond. The fonic struc-‘;j;

f?;t 209 (III) has not been observed.

PaulingQOh discussed.the stability of the different molecules in terms of

':f'the bond distance, the valence angle and the dihedral angle. Appendix II

{': lists recent moleculer data for cyclo-octa,_cyclo-hexa and catena-poly-sulfur
" -+ . and some average values deduced from-various sulfur campounds. The cyclo-octa
’3’»molecule is ‘the most stable one and is assumed to be torsion free.eolL The

'f,Vystahility of other molecules can be expressed through the bond stain, but

>:[ﬁ7‘Pauling s values seem. %o be too high., If ‘one uses recent data (see App. II)
.‘"T‘land computes. & simple semi-empirical MO-LCAO model as proposed by Bergson,?S‘f»'.

| ;fdthe'torsion energy of cyclo-octaés (SX)vis.not zero, but is onlytebout half

", as big as that for the cyclo-hexa—'s (sf)'.‘ Recent data for catena-poly S and
'fitfor cyclo—octa—S indicates similar values and makes it probable that they are ','“

o The symmetry of cyclo-octa S (SX) is th. -The molecules is a puckered

afl;gring The top four and the bottom four atams each lie in the corner of a ,_s'g

‘7”fsquare. The two squares are parallel at a distance of 1. lSA ,_concentrically




g8 dista.nce 15 2 059 A (see Fig. 1, App. II) The cyclo—hexe mblecule

j::. forms a puckered. ring wi‘th D symmetry. The bond distance is 2. OST f\. ‘]Ib,e e

open chains of ca.tena—poly-s (S ) form helices. Their structure is not yet .

| ‘_"turﬁed against each other at an angle of k5°. The edges are 3.31 A long;; the

completely known, but it seems that a unit cell containing te:a atoms in three o

turns is part of some superstructure.223 , This structure will be furtheré*ex— "
_ple,:.ned together with Spe For other molecules 5 such as cyclo-tetra § angl

A 4:
cyclo-deca S, structural data. have not yet been mea.sured. (See however gef.

¥ v
l’TT) These par‘blcles are very. unstable and a;re not 4important for the d:\.s- o
- cussion of the properties of solid aJ.lotropesc "

B. Intermolecular 8tructure

‘i‘he S molecules exert only short range London forces upon each other.
| Sulfur therefore fcrms .covalent crystals Which have a low lattice energy. Op- ,

Y tmm energy in such a solid can be accompliehea by different intermolecular

- *arrangement's: each atom can either_ ha.ve few but close neighbors, each giving -

s " 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 why sulfur can exist in many fairly stable polymorphs. (For the 10

N\,

:* polymorphs of S\, see IV,3,B.) It is interesting that of the twd well.knovn -

o a.llotropes 8, (bu'ilt up from unstable cyclo-hexans (S‘.)) has a higher number

" discus_sed."{ I

" of close neigiboring atoms then Sa, which consists of the steble Sh. The
fj_rst allotrope has ) therefore, a higher d.ensi'by a.nd a more sta'ble laa,tice
'-‘.‘;;,:v'than the lat'ber.,_"' | .

' !H?able IV,J. indica.tes the order in which the different forms will be '-
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TABIE IV,1 - PREPARATION oF ALIOTROPES |

‘me stable allotropes (S 5 Sa S ) are formed from all other forms within a time varying from -

o .‘ ~ 1/1ooo sec to 1 year.

to their prepa.ration method.

FR—

%

(See Sec. II) The unstable s.llotropes a.re here listed corresponding

s

" Hsted in

_ Section

Starting Materia.l

Main CGomponents

' Unsta.ble Allotropes

A . Compounds 3

: . S:Xseolution- o

. Iigwid sulfur

co ' sulfur vapor

s

"Vapor and solvent

L ‘.Cyclo-oeta-s (sn)

Cyclo-octa~S (S))

" Cyclo-octa=S (S\)

Catena-octa-S (S )

. Catena~poly-S (Su) -

Sx: 1 < x < 10

Sulfides and sulfoxy=-

acids as intermediates

| to—- s b
3] et o )l
~-.-jh)§, 1) T: k)

g'lr, b;;,, 'c) u, d,) _\), o

a) metallis-S

| ) irrediastion-§

c) C:

go,

T

. w) b) m: c) Yellow;
' d ‘black;, e) purple, £) red

green, h) violet

s.) p, b) e, c) red d) m,
e) v

. a) blue‘, b) maroon

lX_._

‘Steble Form

-In.:éolution, '
BT
'In lattice,



2) Stable allotropes. ‘

At STP the stable sulfur allotropes are the cyclO-octa—S (S ) molecuie

B e

4a.llo-brope hasg yet been observed. "

the free Cyclo-octa~s molecule. Tne properties of this pa.rticle have been

L discus,sed a‘bove. Erametsa85 ~93 vses the name Sk for 'the crysta.lline pa.rt of
v::"‘:‘ the melt‘g This definition seems to refer to the fact that most crystalline '
modifications of sulfur are built up from this molecule.

The S molecules is stable in solu“cion and occurs in the melt and the

. frogen liguid. Kuester 169 discovered that 8, is at higher tempera‘bure in-

_a.nd the 5, crystal. Between 95 3° c La.nd ‘the melting point S. is stable. ‘GThere :

F a.re indications that other’ ena.ntiotropic forms might exist but no otherestable

The term .‘S}>b was introduced by Berthelot 29 and it is the short name g’or L

| equilibrium with S“. It was later demonstrated that ST 7 1s formed. as an 1nter-

: at higher tem'oerature S'r‘ s whichwis:a biradical and 1s the rate-determining
. particle in free ra,dical reactions of S The value for the homolytic ring
‘scission is proba'bly around 30 kcal/mol (See App. IV) In 1iquid sulfur the =

'l? enthalpy of the over-all reaction is 7 kcal/mol but this includes secondary

| ‘reactions, such as the solvation of 8y in 5. In the dark and at sta.ndard
.j"bemperatu_re s 'the S ring can be broken by nucleophilic attack. As little as.
e ,;'f_,,‘ool;% Hes or .002% 80, catalyze such reactions of S, with, for exemPle: tri-
S :Phenylphosphine.al If solutions are cooled or evapora‘bed =N cry stellizes
as the ‘stable s form or as one of :Lts ma.ny unstable polymorphs. (see sec. 33)

1722 53 6

' Th UV IR a,nd Ra.n]a,nl?.AL spectra of S have been onl:y‘ Partly analyz ed.

mediate in this rea.ction.' The equilibrium A& T 1s photosensitive and favors c

-

Ell 251
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B. S

S is the on.'l.;)r sta.ble sulf‘ur modification at STP a.nd all other ellot:gopes e

" »therefore convert ultima.tely into 1t. ‘This: modlfica.tion is well knownl6°‘and
will not 'be fully described here. Broensted.hh discovered the.t the a.-cxystals

.. ~contain 88(3 ) molecules.l99 Burwell% determined the. crystal structure , v

'whlch ha.s since been re—stud.ied caref\ﬂ.ly 3,5 ’5 £ 28_2 The symmetxy of the ] "

2k
; crysta.'l. is D2]:1

‘ ' symmetry :Ls C -—2. One - "hundred a.nd twenty eight atoms form the u.nit cell (Fig. ,

2

;-7;\( -l-a) The la.ttice consta.ntsl_\gsﬁ»‘are_,_ aft_er the most r_ecent measuremen t‘,_5 > N

e significant figu.res:

a = 1o.l+h3h9 K |
b = 12, 8)+OO9 '_ a: b:> e :.-j:.,81335 : 1 :v 1.9032
. :

24, 13665

The m-ciystals often grew'e.long iunusus.l surfaces; for example, along an
‘axis which is parallel to the (lOl) face d.iagona.l 8, 81 Theref'ore mcroscopic
» :observations of the crystal growth in solutions (see '3B) often lead to the
E .(‘.:‘discovery of different looking crysta.ls 3 Which ha.ve been frequently mista.ken |

;;; for new modifica.tlons. (e.g. see 8§ )

S | The melting point of' S is 112 8 y but above 95. 31 C the stable modifica-
tion is SB (id.ea.l’12 mp 1.19 3) The 'ne.tura.l‘ melting point of sulfur is
-,:U'.h.'6°‘C.1 Melting points are generau.y studied by cooling down liguid sulfur

"+ The tra.nsformation of’ B into o« has 'been stud:.ed_ extensively*? 4,143,295 The

o venantriotropic equilibrium asp has & 368° = 401 7 J/g.' Das62 re—examined.

_this reaction a.nd. confirmed the fast conversion of undercooled S B into S or.’ '

V"‘but discovered. that overhea.ted. S is conver‘ted only very slowly :mto SB. ,

~Fddd, the symmetry of the molecule is th and the environmental_"
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[It Beems tha:b the formation of SB from S has been Btud.ied rare],y and. this

'strange behavior cannot yet be expla.ined. .The self-difmsion of’ sulfmmq in

,(

'*S has been studied. by Cud.deback.5 7 The UV, IR and Reman spectra, of th;,s ¢

{:;*modification have been well studied, (See App. VI) The reactions of s end

- ”lthe ‘¢onversion into other a.'l.l.otropes‘ are discussed elsewhere. (Page -19_)':“

. 8_ vas dlscovered by Mitscherlich,189 and. has sinc:eel}o been often §‘budied,?‘58 .

- B
_g,'but there is still a mysterious 199 lack of 1nfomation about this allo‘crope

'which is Bta'ble in between 95. 31°C a.nd the melting point. It is found in

:;.;'-'-na'buz:e and it 1s formed whenever sulfur Bolution.s or liquid sulfur crystallize |

4 143,146,147

. within this tempersture range. Below 95.3°0 converts in S_. The

,;»equilibrium of »the‘se two forms hasg been well studied'.g )+ azid. Phase diagrams for
i S and S a.nd the heat of transformation (AE368“ = 401.7 j/g) are included

o "‘},'.in almost a-ny Physzlca.l ChemistI'.Y textbook. Da,.s62 ha.s studied this equlllbrium L

1 ) , by observing S~crystals packed :Ln a thin cellophane film and has Pound 'that
"'.',__. »overheated. S converts so slowly into B ‘bhat this tra.nsformation cannot be ‘

'.:'vobsei'ved.. The *ideal’? melting point of 8 is 119.3°C (compare Dufra:.sse-

S B
‘eﬁ.'lga + 0.5°C)\ The liquid sulfur, however, disproportionates partly into

, .‘ Sﬂ » which foms a self solution of sulfur in S,, and this leads to & mel‘@ing o

I '1"’_v:'_"§;-point depression which causes the ‘na_.tural'ms melfing pojint of Sﬁ to be -

'?'1Lfﬂ11u 6°C. The étepwise disentangling of this curious behavior of the melt -

SR will be discussed toge'ther with 8 L B ' , o : .

' Big crystals of S.’3 can be ea,sily grown from boiling orga.nlc solvents.302 - |

The symmetry of sB was determined by Bu;vc'wel.l:l‘L6 02 > L P21/ . FOI'tY-“eighf

o i;'_ ‘vatom.s (6 S)L molecules) 99 seem to fom a unit cell wi'bh either
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:Lng of Sx molecules than in S .

of up to 100, OOO atmospheres » but no new properties or new forms could be

observed. Hama.nn

< g g

a1 _b- 8 = .99575 11 .99903 fc_vr’ : |
.99l+ : 1 1l. 005 - , but the deta.ils of the

structure are not yet understood. Some X-ray data 289 ~do not show any dif.:f:‘e:o- |

_ence in betwean S and SB while others indicate that the Sl molecules rota.te

. \‘.4.

'\‘,‘?-‘

" density of aa 18 between 1.96 and 1.93 gr/cm , which indicates a looser pe.ck.-% |

“

'_3' Un.sta.ble Alldtropes " oL B : I

‘We will now deduct the various e.]lotropes by exposing stable sulfur

. forms under dffferent conditions to various treatment. (Tsble IV 1). Several .

pe.rameters are needed for the detemina.tion of an unstable sulfur system.

' '.Some of the most importent ones are: 'I_he tempe_rature of the sulfur source
(‘T:s N am_,), the formation mechanism, the preparation epeed .(dc/dt) , the obser-

‘.' "'vation’ conditions (m nd) and the age of the sample.

If not indicated otherwiee 5 the observation conditions given in the

. following will be standard tempere.ture and pressure.

- ,,A; Allotropes formed from S_:

“All the conyersions of this a.llotrope which have so far been ob=

e served, involve a change in intremolecula.r structure, genera.‘Lly a tra.nsforma-. '

tion of 8, into Sy or Sy cha.ins , and trensformstions of Scx, into‘polymorphic:-:f

foms, such ag SB, ha.ve not yet been observed. The possi’billty of enantio- -

A tropic transfomations a% Bf—-re; a, is disoussed 1n Refs. 1h2-147.

a) Metallic sulfur Bridgema.nhl exposed S ‘to static pressures

65 4 lho a.nd co,-workers applied dy’namic pressures of up to

. \ g

%

o freely and that at least tWO of them ave. centro—synnnetrica.lly stacked. ‘@!}e R o
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_"230 ooo a:tznospheres (TleOO K) to S samples and obsexrved a low elec'tric gre—

‘9;

. sista.nce. They pro,posed a meta.llic form to be msponsmble for this o'bser'%ra—

,tion. I‘t: 18 not clea.r whether such a form rea.lly exists, and what its. stguc-
| ::‘.‘ture and Properties would be. » e g ' | oo

) Irrediation Sulfur - «, f, and y rediation 73’132*

v can bree.lg the
S«S 'bond.,‘ Thug, the cyclOv-octa,-molecules (SX) are cut into catena—octa,ngglfur
(Sr ) and possibly even into smaller fragments. At STP, the recombina:tl%n e
rate of a.ll 'l:hese unstable particles into SA. is 80 high that only few :f:‘ret:e

B redicals can 'be accumulated, their ooncentration 'being- roughly propor'tionga,l
‘-3::.':51;0 the intensity of irradia.tion., -Beca.use of this 'statietical chain Scission - |
a.nd. fec_:omblna.tion equilibriun,' all unsta.-;ble allotropes reconvert under 'irradia-s SR
-b:!.on quickly into SX'Which then' c':ryst‘a.llizee as S . Tt has been observéd *hat
75 mC of B ra.diation, 200 mR of a and 600 W of v rediation can congsume small ,
X s samples wi‘thin an hour.l92 At 29 c s (catena-poly-sulfur) is me‘tastable.l9o_ V_ -
‘. Below:this temperature' smell chains formed through irradiation can _recombine to
_ A

'metasta.ble‘ Very few experiments have 80 far been performed with enough irra-
| 69,288 | ’ | |

a mixture of S, and "Sl-l’ and at still lower temperature .other particles become

232

- .diation ‘bo produce su’bstantial -emounts of'such unstable components. Rice

, ’-'_'--{;"emosed. S _to lLOMR of v radiation a.nd observed a red. color. Other authors d,is-_' Rt
| cuss the electric conductivity288 of such sa.mples. tha.r72 believes that the
sulfur bonds in S can even 'be broken ’by ultraviolet light. 7
s Ba.r'tlettlT and Gther authors used the name irredistion-S as = synormnv
. for photosulfur (See Iv, 3,B a) | |
B. Allotropes crysta.llizing from solutions of S 7
Sulfur is solu:ble :Ln ma.ny orga.nic ;soil.ven‘bso : A‘b STP & stable solution._w

- contains cyclo~octa-s (S)L) (For unstable forms see. "pho-bo sulfur ) Both, an
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o eipitation rate (( s}) vith the ‘rate of the lattice grovrth of s ({5 })

R e e e e e e PN ST S M
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ofif?'

_gseg;,; e

L increase in concentration (adding or foming more sulfur) and & reducti

_.the solubility (cha.nging of the temperature) bring about - the cxysta.’l.lization

o of allotropes which all contain SX molecules. . In a crude way, we can déscribe R

l'. the conditions for the formation for different solids by comparing the

e shall discuss ‘here three ‘cases. First, whenever (§) < {S }s the a—modiﬁ,cation'

’ is expected to crystallize. The higher the difference 1is 'between the two

“in the extreme case, {S ]>> {S } , no crystals will form at all, and the sulfur

will precipitate in amorphous :f'orm. Third, if {S } > {S } erystals will nu-

o cleate 1n many places and in g variety of structures wherever some kind of -

. latti_ce energy can be gaineda The crystal growth will therefore be irregulsr,’

- and not disceriminate ageinst unstable symmetries such as ST for example. All

.methods for the preparation of unstable orystalline allotropes are aimed at

- realizing case three. In this case many different allotropes are formed

‘simultaneously because the conc':entration changes during the crystallization'.

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

AN

e \ ‘
the viscosity. This trick reduces the difussion and mskes locally high con- -

centration gradients possible and makes energy gains possible through the Con

~ formation of uns_table lattices in isolated pockets. The:uhstabkeilifetime

' of the crystals can be q;uite-highl in such solutions because they are not

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

'I'his simplified model explains not ¥ only the formation of. unstable

.-modifications » but also the observation that such samples consist of a mixture .

of sms.ll crystals with different symmetries. These allotropes or polymorphs

T -'gradients, the bigger will be the size -of the resulting alpha crystal. Second, S



'EL since does not ta.ke into account the important influence of light. &gz Gell”

Lo ble sulfur in a sulfur solution are ca.lled photosulfur Wigand

;"'studies of c:c'ystallizing solutions in sulfur ha.ve been made, 11-5 ’
and a great num'ber of allotrope have been reported. but 1t has 'been repeatqﬂly

-»ipointed out that many new" forms might onJy be- specia.l crystals of S

!__\'polymorphs oi’ S um ha.ve :probe,’bly the following sta.bility order* =

it come cloudy, if they are exposed to light. Such suspensions

«.are not stable"a.nd'sloid.y convert ‘into S . Because of the small size of t
§

crystals such a system can often be observed only under a mlcroscope,
,};r T

86 875221

;'which grow a.long a.n unu.sual lattice fa.ce. These allotropes ’ which e.ll a;r%

15t

*gq>ﬁ>ﬁ$g>q>§>a>¢>o>f>@-

a) -'Photo-Sul:ﬁJr - Lallexnanle discovered tha.t sulfu:r solutions be-

82,227 of insoluf-

300, 301 studied

‘the photosensitivity of ollotropic forms extensively and determined thermal

1::’fdata with a ce.lorimeter, but his: results have- beenvoverlooked and most_ work

Be:rtl ttlT’ 22 \

o :’,'recently restudied the :Lnfluence of llght on the formation of different allo-

"'*’lftropes. It seems that the Sg ring is broken under the influence of light. The .

: -"'.iis irredia.teddn-vith'an uv pressu.re lamp. Ma.ny authors report that the forme.-,
tion of photo-S is reversible, but a.lcoholic photo-s, for example, smells R

| from HES' The photochemistry of sulfur :Ls a neglected field and very little o

resulting blradica.l then attacks other rings and initistes other secondax:y

R ree.ctions , in which the solvent often is involved. ‘ Photo-su.lfur is produced.

104

. 4f s incel is exposed to Lignt O but the yield is higher if the solution

o jis yet known about the effect of light on solutions a.nd on allotropes. It

:"".’seems that the ce.ta.lytic a.ction of H2S2 L a.nd other seconda.ry molecules 18

g

149,161 85F93,162 163,5

found that photosulfur is more reactlve than S, and ErametsaBB: g9 :
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e sheets

s "responsible for ma.ny rea.ctions of photo-s. -

b) r-Sulfur This allotrope was discovered. by SPiCB-QTO and ” ,

128 -130

i"f-"_"Gez"nez. . The brillia.ntly glittering crysta.ls 237 which grow in thi;n R
th are a.lso called. Mother-—of—Pearl and nacreus sulfur. . For othe;_; . "

synon;yma see Appendix I. The crysta.l symmetry is probably 4 -P2/h,-

" the eight cyclo-octa molecules stacked in a sheared penny ro.'l.l':l'38 fomnation B

i 2 4
~veg(Fig.2-), but c P2/m, 2hfP‘21/ and Co ~P2/h

138 ;W

Ma.ny contradictory va.lues for the lattice constants appear in the liter;.ture-

Y

Y N R ey
©at br co= 0649 :l: 0.645 . &= 8.57 or 8 50 (138 :
. , +658 11: 0.63217 . b = 13.02 or 13.16

: ¢ = 8.23 or 9.26 (‘38)
B = 112°54" and
. 124k°%hgr _
" other older data 138-139 have been exclud.ed. The melting point of this allo-
“ trope 18 106.8°C, the density is a.ohl g/cm . This modification is unstable
- under normal conditions, but the crystals can exist for years, if inbedded in
“a rubber solution, and they can withstand 1!-0 hours of X=1ay examination. '

'.‘"a,-crystals catalize their tra.nsfomation a.nd. can reduce the life-time of the

' {z_r-fom to l/2\m1n 145 A’oove 75°C B-sulfur is formed quickly. The trans- ‘

o forma.tion rate has been stud.ied 'by Hartshorne.

14k 2kt ,
2Th.

According to several reports, 'rr-cry'stals have been found in oil wells,
and a8’ Rosick.yit‘ mineral. .,52'."""" 'r-sulfur ‘was proposed as a component in”

; plastic sulfur (see: SL) The T-allotrope can be prepared a.fter the follow- R

.. ing method.s ) through condensation of vapor, from an undercooled melt at

S 90°, 29 :f?com an undercooled solution of sulfur in benZene ; toluene or, ,'
Ethylalcohol, by evaporating an alcoholic solution of sulfur’ st 7o° e 99

vﬂfand spontaneously from O—sulfur r—sulfur can be obtained also during the .

B '.-\
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production of the element from compou.nd,s If 1{2801L satura.ted solut:.ons of

potassium sulfate and sodlumthiosulfate are carefully combined and d:.ﬁ:;ise

slowly into each other, ir annnoniumpolysulfide in an alcoholic solutlon""

- °Xidizes lele in air,and if precipitated sulfur dissolved in a mixtu%; of
‘alcohol a.nd carbon disulfide slowly evapora,tes at room temperature ; »
“ ) {-sulfur - Kbrinth 161-163 found- monoclinic ‘rhombic (?) cggstals3ff

C of this a.:llotrope which are stable for about ha.lf a day g-qui'ur is l@ss . L

- w.y‘g’:;

Zfstable than 7, but more stable than S -

The g-a.’L‘Lotrope czystallizes together with .§ and spontaneously from

K}

S e:;d'in the presence of Se from ng :sol.utions', or from other solvents,”
' Era.metsa 6 87 indicated the similarity of this form, to a=crystals
: ':_"-»-".of unu‘sual growth. . The existence of this form has not yet been conclusively
'shown, and. the c:mrsta.ls could even be due to an impurity.
o 'j?"_"‘-' S d) n-suli‘ur - .Korinthl6; observed hexagonal-—monoclinic ( )

crystals of Sn during the preparation of d.elta-sulfur from rubber solutioxis: '

5 * containing sulfur and selenium. Erémetsd has repe_‘atedi the emerimenté and .

" obtained the same form which has a lifetime of 10 minutes. The n form i: EIR

.- snoisomorph of Se.

‘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)  b-sulfur - Muthmannl9h listed S, as the fourth sulfur allo-

: trOpe‘ This form is very unsta.'ble a.nd ha.s ‘not yet been conclusively des- _

S cribed,, It cou_‘l.d be identical with one component of 'Bra.u.ns " sulfur. - The

263 274

crystals have been studied by Henkel lh9 Smith, -7 strunz’ 3

a.nd Erametsa.9 7
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2 H
31 34-3
The crystals can be prepared in mixture with d and Y by oxydiz1ng‘an

The symmetry of this hexagonal (?) form could be either c

E;alcoholic ammoniumpolysulfide solution at < 15 C in the open air ' Thisﬂ.d”_"

; preparation is similar to the preparation of the r-form, and only about
in lOOO experiments leads to the formation of 5. TL,tW
' The crystals can transform—into Ty ceta, B,_or_a;sulfur.f

£) 84 - 5 vas £irst observed by Korinth. ™0 This sllotrope.

t;was recently“restudied86, 'It:crystallizes_from‘a boiling solution of
E'fenchenon, a~p1nene and nitrobenzene. fbeiyield'isvenhanced'by the presence;:
- ?f;?*fiii of & solution of rubber in CS The ditetragonal bipyramids nave ‘&b = 1.
= h6801. 6; The crystals are unstable and dissolve after about one minute )

and finally S are formed.

o ‘and 8, S
n g) o-sulfur - Erametsa93 observed the formation of 8 new crystal
ﬁp?érSé,.When he eVaporated solutions of S8 . ;This form is characterized by an

i i:ﬁextremely'low 1ight refraction‘indexf:'lt:converts;vithin‘2-3 seb_ into SY,YH
,?{ and is the most unstable polymorph known. | | o

h) St -~ Korinth described monoclinic spirals, ‘which he called SK,

' This form is either extremely unstable or does not exist. It might be iden- ii
v"‘;':’tical with triclinic suifur. R B | o
| i) -S -8, crystallizes in about one of lOOO experiments if sul- !
fur solutions of o-Xylol or menthenon are b01led. Thisvformfconsists of |
cubic crystals which can exist for several hours. ' |

) Brauns—SulfurA- Gernez and Quincke identified this form as o

“7;3? a mixture of S and S¢ . »
,. k) Sx - l) Henkel 61 discovered this’ fairly stable allotrope
S -h8 ,'f
Erametsa ? reports the best yield for it by saturating a sulfur solution‘

Vg e




1v"‘_of oéXylol at the boiling point. The crystals have such a high refraction

1.index that they appear to be black in transmission and white in refraction
R 119,221 '

4.\

2) Prins described Sae ‘as occuring in frozen liquid, later

Qhe identifled it as a mixture of o +'r.
c. Allotropes Obtained from Liquid Sulfur I

'+;present here a complete survey, but give only the data necessary for ghe ’
lunderstanding of the solid. A 1ist of references for the liquid phase is
fgiven in App. VI. For further discussion, see Refs. 157, 217, 219, 243, ‘
«._Ehh.j At the melting point cyclo«octansulfur is in equilibrium with catena- qi;t
3xgocta-sulfur (S ) which then polymerizes with S, into unbranched chains (Su) ;

58

'fAt 159° 02 the: polymerization increases so sharply that Su, before a sol-

O Vate,.Suddenly.becomes the solvent. 'Mbstvproperties of ‘the melt have &

116, 171

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

156 at the boiling point. The molecular

ff'variety of liquld sulfur has been repeatedhy discussed, 262 and the vis-

12,1397,98 36,102 17h 297

‘ff'melting point to a dark, aeep red

h'i}?vcosity, the specific heat
: 157,283 95’215 have ex- -

l.and'density have been measured Several authors

plained the polymerization process which was recently formulated in a Very
279, 280

?.ftsimple and precise manner.

:  kilo- -calories (AS° h 63 e.u.) and ‘the energy required for the chain
280
)

’cal nature of long, open sulfur chains was pointed out 188 and later con-

f ESR118 120 equipment and a Faraday balance 2}2‘;“‘:'

e

o scissionlSB’lsh is 32 8 kilo—calories‘ (AS = 23 e.u. The free radi;‘

l.'firmed with the hel“

The composition of liquid ‘sulfur is complicated. ‘We do not intepd to

ﬁ'_strong discontinuity at this temperature. Only the color does not follow fogdfvff

, the heat conductivity - -

The heat of polymerization for S is 3 lTigi;{
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iiThe average chain length varies between 158°C and h0h°C from 8 to 5 }{{rlos

tfatoms. Statistical and - other argument;make9s the occurrence of maquringsls6_l77f

Fﬁin the melt improbable. The properties of the melt’ are extremely sensitive Lo

i: i

, to hmpurities.: The viscosity, for example, is changed by very smallgamounts

f?of trivalent elements and the electric conductivity is the sum of two

v

| tf"One for the electronic conductivity of the liquid element and the oth r'for
.;ithe electrophorectic conductivity due to (sulfide-) impurities. | .

‘The structure of the liquid has been investigated by several

| sgroups . 217’131 219’2hh 166 2277 The bond length in the’ chains between the :

‘ﬂ;f'sulfur atoms seems to be slightly smaller (2.07 A) than in solid samples.. E
1At low temperatures the melt possibly shows some structure similar to s .

" More work is necessary, however, before ‘we have a conclusive picture of the

,'33lfcomposition of liquid sulfur and much data is still lacking.- It'seems, £or .

Cver

example, that a.fourth component has to:bevassumed to explain ‘the colori:’”
;‘ﬁ::effect |

From liquid sulfur different solid allotropes can be formed with

'bvarying yields, depending upon the original temperature (T ), the speed of v'“
‘-thelcooling'(pT/dt),-and the observation'conditions (T ), but the solid al-v__'
waysicontains'three fractions: l) a crystalline part which consists of }g”f”

..;; Sa or its polymorphsy 2) an active specieawhich will be called S, and.

:':?q.3) a. CS -insoluble polymer. The composition of this polymer is compli ated
1pand depends upon the preparation method but many authors treat this solid or ;g*‘ﬂ
B some fraction of it as &a definable system. So little data are given for |
tgﬁl;;;fiﬁi n;fg‘this fraction, generally, that one cannot compare results reported by different
3Jl‘groups. Regardless of the nomenclature used in the original paper We

“flwill choose the name Sp for this plastic CS insoluble polymer, which is
2 2

P
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;gfobtained if viscous liquid sulfur. is quenched° ','The rigid, CS -insol.

Flipolymer, which is prepared by condensating sulfur vapor, will be called

S and will be discussed in section D. Im discussing'the products, we dis;i{l;
;Hi tinguish between samples obtained by three dlfferent methods First,'slow:pfifﬁf
'\;.cooling leads to pure. f and a sulfur, regardless of the temperature of the ;1[5».

" liguid. Second, 1if the hot liquid 1s poured into waxer, 8. 8, s and

“fjd 5, 8re formed The S converts within three days into 8, and S s but'the_Kp

| Su converts only. slowLy into d, and its concentration, therefore, goe%
S through & maximum after about three days (see S ). Third if the liquid

fi sulfur contains only =N and S (below 158°C), the quenched sample ery-

:in(stellizes mainly to’Sa,'and Sp‘ 18 formed only in & secondary reaction
i»pvthrought the pdlymerizationvof Sﬁa Other particles have not yet been oé-

*‘ served inrphese solids, but it iS'very herd to isolate small‘SPeCiesyssuchxd“*

as that which might cause the red color, because the heat capacity of the )
n:rliquid'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

i’perticles. ‘The trapping of highly reactive small molecules from the vepor :
o - will be discugsed in the next chapter. The following section deals with

:ig'fourzallotropes prepared from the melt: Sy S o S , and Sy,.

. a). Sx7_ Gernez126 discovered that the melting point of sulfur

* changes during the melting process. Smith?57

explained the slow decrease 7
"< from the ideal (119.3 c) melting point to the natural melting point (11h 5° c)

”“.ﬁ-by prop081ng the formation of a new unknown component which dissolves in

.'1f the liquid and thus causes & melting point depression. Aten7 -10 called, ne
'I;.'j.. 8 - .v R
. this particle S ,Eh a name which had been used before by Magn 180, 1 l or
: 58 168

'“”d; 8 different allotrope.~ Above 159 02 L8 third component,'catena—poly-sulfur,




':rftfgl fﬁ}ﬁﬁf?f IV.C'a;b o 'f" E f"f . w20. _5"
L S#"258 becbmes'important. If liquid sulfur is'quenched in»cold wateré Su ‘
ratis always present, regardless of whether the liquid wes originally hoEter o

?for cooler than 158°C., This was first. taken as & proof for 5, and S“ Eeing
37 38 21h,246 ;247

Hu ,1,’

calculations, however, using

" @Q_identical Molecular weight

g. ‘

fthe melting point depression and “the - concentration of S ~in the solid}indi-

f,cated that & much smaller particle had to be present in the liquid, :
yffthen on cooling could possibly polymerize into Su.‘ The Su concentration
-insoluble fraction in a8 frozen melt) first increases and goeg

2
;
';~through a zma.ximum.g)m after about three days. . The Sn,bwith a lifetime’ of

,ﬂ{(the cs

;itroughly'one da&,_obViously partly'polymerizes'into Su, which'then_converts :; fﬁ
- "into S, with a much higher lifetime, perhaps six months. ,
_ | I liquid sulfur. is quenched to -78°C some of the S can be iSOlated L,‘1
l'f;n's is soluble in CS at room temperature but not at -78°C, S -is. CS in- f

soluble, but STr is soluble in C3, &t -78°C. From the deep yellow 5, solu-

tion Erafmetsél9l separated,'with'the help of chromatography, four components
" with different molecular weights. His results are, however, not quite con-

" clusive, since it has been shown that the colum material, A1203 catalyzes

5"}‘the:conrersion of allotroPes. Schenk 2h8 could not repeat'the separation of

17

'"Ti; the S fraction, but he used the method of Bartlett to titrate independentQ'_g

:}}'ly different allotropes in a mixture and discovered that the liguid content

lis 5.5% n at “the m.p.: but that in the frozen melt’ only 60% of the s mole A

”jff cules polymerized, while the other ho% recombined directly to S Using »

- A
s r?.this observation to. recalculate the molecular weight of S he came - to the =

i;; *;fflﬂlff @f‘conclusion that this molecule is catena-octa-sulfur
We adopt here tha name SK for the catena—octa—S There'remain, however,.

T'f3ﬁvlf§ several unexplained facts about this particle. Tobolsky,279'in'a model -




iiwhich accurately describes the viscosity of the melt over the whole

a..temperature range, assumes that Sn is very unstdble and polymerizes w1th

F

”'i~sx to polymer chains.A He calculates the Sx concentration at the meltlns

. point to be- undetectably smell, but Sc:lmen’.kelw’2)48

obtains 5.5% Sx from
" 'measurements of the soluble part;in the_solld end the melting point de:
. pression. ESR measurementslgo indicate arveryflow free spin'concentreﬁ'

o at the temperature nentioned above, but this can be interpreted either é

3

¥

¥

S an indication that there is only very little Sn, or that the Sx has strong

:;'resonance stabilization of the chain. Such a resonance stabllization has .

17T

.. been earlier assumed for small molecules.,
b), Sy - Erametsa.91 separated different fractions of Sw with

°'f;the help of chromatography. Part of the dry Sﬁa fraction turns into a

o White solid which is very similar to S but has & different x-ray diffrac-

>j:‘f:tion pattern : This form is not CSQ-soluble and was called S 91

c) S =~ If liguid sulfur, a complex mixture of allotropes, is

poured into ice water or cooled to ~78°C, an astonishingly homogeneous

" product is obtained.l27

fsulfur become so highly unstable When cooled that they convert immedlately

i[“”_i:lfff;;if into the stable alpha form or the catene—poly-form, (su), which hes under

such conditions a relatlvely high lifetime The fading of the red color of

The reason for thls 1s that most particles in liquld -

. the melt to a white—yellow in the solid demonstrates in a visible way this.r’“ E '

: "'recombination of reactive particles.’ If af frozen melt is washed Wlth CS

the stable alpha sulfur and the Sx dissolve and an insoluble pert remains..~,--’

‘Both the viscous liquid sulfur and the CS -insolublell9’l69 s011d are

2
called Su._ The yield and the structure of Su depend upon the composition

‘-"'of the liquid (T

tart)’ the speed with which the quenching is performed




v et

gt

(92)-, "thé temperature at which the material is collected (T, ), the a;ée..». |
if;of the unstable modification and the purity of the sulfur Experimengs '

. are quite commonly performed with insufficiently—defined liquid sulfug

’5.9

v Lsystems.» ‘Many authors, overwhelmed by the importance of one parameter,_ »
1;;others. One author for example can obtain plastic sulfur only from ogmmer- '
:?ﬁﬁigi'samples, pure samples giving exclusively S ,2h2 while in anothengéfﬁup i
B pure sulfur always leads to 100% Su, with crude samples giving up to 60%

v of dt..

EEYP P

Su can also be prepared by slowly hydrolizingv32C12, or by acildifying .

"ffian aqueous’ thio-sulfate soluﬁion.' The mechanism of both reactionS'will be
f'_discussed together with the formation of Sp; Su is unstable at room tempera-
1f{;f ture. The transformation rate into S_ depends upon the temperature, pressure

' or stretching and impurities. Lig’h‘bs8

and the presence of Sa‘arevhelieved_‘
L;fi;hto'catalyze'the conversion into.the,stable_form. .O4% oil, or .1% IE and
o fri:valent contaminations such as N.or P can stabilize273:plastic sulfur.
?i over a long period”of fime. Pure samples have been reported to be metas-‘
Q}‘table below =29 0190 and can exist at room temperature for over a year. .Thep

E exposure to‘UV light or to alpha, beta or gamma radiation enhances the -

'uih:transformation by breaking long'chains 1% The samples do not convert com-.

f?« pletely into the- alpha form, but reach an- equilibrium composition, where
"ﬁ.,;_xfaif;;f the scission and formation of chains and rings are in balance.» (See irra- _fv““
Eeoe éazdiation sulfur). :
'ifx";h:fa;éiigiﬁ The X-ray diagram277’28l 282 of Su looks very similar to that of Sa. v'ﬁ*?
‘Zf;;{j aé,ﬁiAlpha impurities have therefore been held responsible for the observed |

o ':g.patterns,‘since the’ x-ray method does not strongly discriminate against B

different componentsor contaminations. Another interpretaxion proposes a




Qdiauthors believe that Sp is amorphous, some think it 18 a glass and others,i

B report that 1t has a well-developed structure.' It is possible that th%

AR

- chains. are so long that crystalline and amorphous zones can’ exist at the

"8 ame time in different parts ‘of one molecule, asg is Observed in organ&c

‘f'polymers. Most probably the chains .are curled and form long heli ces ; The .

:§

?'molecules seem to be- held together by statistical cohesion. This coh“‘ion d‘j}_,l%

't”energy is often quite big for polymers and can explain the relative stability i
iﬁ'of the Su form. The structure of Su is not yet. completely known, but it is :
.f-possibly similar to the structure of stretched sulfur, which will be’ dis-f'f

‘cusged with Sgy Rt
o Detailed discussions about Su have been published by Schenk, 2ks and -t‘ff_'uff

258-262

' smitn,® The terms ”1 and uz have been Pr@POsed for the soft and the

"hard fractions of plastic sulfur and many other names are in use for various

"aianlastic products. 'g.n“xt]a ’ B 31 o “jj; gf‘.’”,_v;;_tifgl_ .'»3}::

LA

Soa) ‘s, =8, has been used for two allotropes 1) Prins takes ¢

‘?Q,S as a . short hand name for Su.9ov22 2) Erametsago labels a fraction,c,rfﬂ

“*iqg_of precipitated sulfur 5, - »(See'IV.3.E.e)l~j“

Py

| e) S
' 1) Von Weimann293 discovered that plastic sulfur samples

: {“fobtained by chilling liquid from above 250°C assume neW _properties if they

"*3Lare stretched. This material was studied by several gro 6h 187 282 220

fi:;f\_.'f'iufwith the help of x-reys. - Neuburger'®® found the symmetry to be Cgh
'vf:Pauling 20k Proposed & helical structure, similar to that of Se with 112 , _.-fhi,

o _ 2 -2 .
'-atoms in the unit cell. Prin 17 .23 and co- W'orkers220 2hk | have devoted

: _msnylinvestigations-to'this‘forn They found that it consists of two

LY

T
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’*'f}g,Iv cer 33

: ‘different components 9’ + 7. This discovery deva.luated much of the ear-
- A i
187,282

R

s lier work. The present description 23 is based upon long sul:f'ur .
helices that are packed together regularly with crysta.ls of SY, which seems
L to be. formed during the stretching (see Fig. 2d, App 2 ). The c-axis of

' t

4 'the gamma crystals is supposedly pa.ra.llel to the flber.' 556 can be stered -

 for severa.l yea.rs.

| 2) Era.metsa.86 ca.lls a very unstable polymorph of 'S o S¢

f) SV’ « The name Sy/ is used for different sulfur forms.

o l) Era.metsa uses the term S’Vfor a very unstable polymorph
g 86 | o
a ,
- 2)..»Si}/is often a synonym for S¢.‘
, _ 3) Neuma.nnl99 introduced the term' S (,b for the crysta.lllne
 part of S |
L) Prins and co-workers221 designate with Sy the fibrous
pa.rt of S¢‘ (this is the reverse of 3). The symuetry of the fiver is Cagh,

-~ the same as that of S¢. A closed packed helical structure with concentric

206 209,210

'arra.ngement ha.s been proposed analagous to an alpha sulfur

T j.‘.‘

. structure. - 'I‘his proposa.l, however » is not convincing since the alpha ’
*l_‘_'structure mentioned is incorrect.. ‘The best present model79’ 220223, 23 % 236 2h3 2hk
; agsumes long helices containing 3 -—12 atoms per turn  The unit cell then

o L contains 10 atoms 5 (a:‘b—h 'TA) it is 13 7 K long (c) and has a radius of

922\ A possible super-structure giving the unit cell - length of 69A has

M e, e

RN f;.“"f.recently been mentioned.ag3 Details of the Sy/ structure are not yet kndvn

‘Q(Fig. 2)

: Allotropes Derived from the Vapor Phase :

At the natura.l boiling point sulfur vapor consists ma.inly of 88 ’
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-

~ but the concentration of smaller particles increases rapidly W1th in-.

3

fecreasing temperature and decreasing pressure. Mass spectroscopic data;

'indicates the presence of at least lO different molecular species. in t?e

4{A}vapor.- StaudingeraT? recognized the possibility of trapping small molgculess:'ﬂ :

J‘

Y such as 82 from hot vapor, but Rice was ‘the first to observe frozen unstablef:'

;j particles. The solids obtained by cooling equilibrium.vapor have a very

' ”c,complex composition. The vapor phase generally contains several different

'7{gfmolecules in comparable concentrations. On condensation these different

'f'which in turn can be intermediates in the formation of other more stable

‘§molecules. Such recombination reactions occur even under extreme trapping

‘;ffconditions, for example, if a molecular beam of ‘hot material is slowly

: l:gcondensed on a wall which iskept at 4°K. The reason for this is partly the

.7 -high reactivity of small molecules_and partly the local warming which occursl_“

" guring the heat dissipation from condensing molecules through the frozen

“ff;solid. - Rice observed greeneaa solids when he condensed Sl vapor, and &

. blue 229 glass when' he trapped vapor With a high S concentration. Several

bf:species are partly trapped and partly'recombine into new different molecules i:ﬁ;f{'

f'workers have repeated these and similar experiments and obtained many deeply,ﬂ: L

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

: “*:cible'because-of-insufficient definiﬁ;'of the conditions during the prepara- f;ﬁ

‘:1'tion.of”these multicomponent systems.v Some experiments

182-185

performed .

"r under well defined conditions have lead to the identification of 82 in the flii'

:7,solid. The Same molecules has been trapped and studied in different rare

4 - gas matrices, but very little data is yet available about these solids Which&

‘?can show absorption Spectra with well developed structure. The relative li'

'wf-yields of metastable or unstable radicals depends on the deposition speed
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N ((S}), the temperature of the cold wall (T ) and the vapor composition

(T.S The concentration of unsteble particles is roughly proportional o
g Tq L v : s

Desplte their complicated composition, most colored forms have a Ef

L she.rply-.defined stability renge which is indicated in App. II, Fig. 3.0

”; “These'multicomponent'solid self-solutions are metastable and monotropi§§ N

i”f'i.e.,-they do not convert»into & less stable form by cooling. . l

The relative stability of such colored products obtained from mole- '
cular beams of S in decreasing order is. a > plastic > yellow > green >
" purple. |
| We will discuss here first S end 5, Which obtained from the sublima-
g .tlon of sdlfur under;atmosﬁheric pressure and then the‘colored condensation -
l‘z products which are obtained from the vapor under reduced pressure.
~ 8) 5, -e define S, here as the S, insoluble part of sublimated
o sulfur. Because of its color,-sw'is'also called ‘white sulfur’. This modi-
fication is similar to the commerCial form."crystex" and ’super-sﬁblimation'_‘
sulfur and is not a well defined allotrope‘ Dasso’6l’6u'studied the pro-

‘perties of S carefully and found that 1t is stable for more ‘than a year at
62

'vdeTP and for 36 hours at 88°cC. Bases, such as NH3, catalyze the conver-

: sionAof this form lnto_Sa.

The x-ray data show a dlstinctive similarity ﬁith Su-and Sd; Das ex=-
plained this by.thevpresence of Sa impurities~on the crystal surface, but
I'Prins aggumes thatNS ‘15 a mixture of different forme, partly polymers,
partly crystallites, a.nd Pinkus thinks S, 'is identical with S . Other29?
authors think that S is built up from S6 of which three molecules form a

2l
unit cell. The density lies in between 1. 83& and L. 95g/cm .
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The ESR spectrum of S 1ndicates a free spin concentration of 5. lQ;

208 Another structure with 104 oriented chains in a particle waq

proposed, but the evidence is not conclusive.

S can be prepared by different methods, and each method leads to a

3
somewhat different fo' 105,205,221

' The best yield of s 1s obtained 1f sulfur flowers are su'blimed 31,96 Other‘_ e

"'“‘_procedures include the hydrolysis of 82012 with water, the reaction of HQS

2’ 2

'9[ components, which he calls S and S .

g65;"

f this rather vaguely defineiallotrope.

and the reaction of HS; with 5201 with water, and the reaction I

“BffHSn' uith S Cl . From the later material, Erametsa separates two other_5{1

h) S - Erametsa.isolated S from the distillation products of %} or .

through chromatrography of red sulfur (3E. c) S hes so far been charac-,r

terized only- by'the\x-ray diagram.89 The lattice ratios are estimated to .

atbic = 672 : 1 @ .06k
¢) Yellow sulfur - If hot sulfur vapor is condensed under reduced
: ipressure on a cold surface, < ~78°C the solid is deep yellow.l82-18h It

-”~vis likely that this sulfur confains a high concentration of Sﬁ. All low-

i ‘ temperature forms convert into this yellow form at -lOO C.

245

d) - Black sulfur - l) Schenk observed black sulfur in condensed vapors

of S It seems to be similsr to violet sulfur 2) This neme is also

w"if used for the black deposit which forms during the purification of elemental.

256

: sulfur with the method of v. Wartenberg (Pg 10) Skjierven describes

this black material as. containing a pure sulfur allotroPe which is very E

'f‘stable in the dark, but which converts after about one Week in sunlight |

suddenly into S ._ The existencenofosuch 8 form was already proposed by ;
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L 180 . ) W o T
i Magnus, but  the presence of impurities aroused doubt about the existence

_ ) -

“of such a sulfur allotrope. It is possible that polysul.-fides are respom.

R _vsible for the black color, and such polysulfides could then decompose in

. sunlight and form elementary sulfur,
e) Purple'Sulfur - Rice2?8 observed that S,-vapor condenses on &

:'liquid nitrogen cooled trap with a purple color.23o He assumed the color
182 -184

2
. and 1t was ‘proved that the §

T o be. due to the S, radical. His york was ater carefully re-examined,

2 concentration in violet and green dep031ts

are similer and do not cause the color. The color depends rather on the
depositlon gpeed. Slow condensation yields green sulfur, fast deposition
: d. leads to purple samples._ A high magnetic susceptibilitylll 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 condensation of different vapor
. specles of elemental sulfur ean'lead to almost any color. Sueh,SOlids
fepreSent eomplicated multicomponent.systems. Very little 1s known about
'ftheir conponents. | | |
Three sugh colored producﬁs can be prepared by condensing molecular '
_:beame of.se. The formation of these'colofs is not yet known, and the
, experiments“eeem not foﬁbe reproducible. Kepustinskylss obsexrved transi-
."v tions of these forme by thermel effects at 70, -60 and -55°C.
229

g) Green Sulfur - Rice reported a green condensation product in

¢ a ligquid air cooled trap if Sx.was condensed. . Green sulfur is also pro-

duced -if molecular beams of S, are slowly deposited upon &a surface which

2
fis ke pt182 -185 at th°C or if purple sulfur is heated sbove 80°K. The

v'formation of this form has been thoroughly studied" Most of the 82 reacts
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: chains; During the formation of such chains, small molecules can be

trapped in solid non-equilibrium self-solution in between long curled

active species have been observed by their ESR spectrum

ﬁ_the S2 particle could be identified in such mixtures with the help of

o the (forbidden) IR-spectrum.

jcauses hot liquid Sulfur to be deep red,

) 'Wf_page 53 and 1ndicated in Fig. 3 page 55

after condensation under the formation of a statistical mixture of sulfur

., chains. This solid has & complicated composition. At least four dlfferent

K

"fv_warm—up cycling of this green form. The electrical conductivity, the U%

and the‘IBtspectrum of this multicomponent form have been studied,;'B2 qnd

It is not yet clear why this form is green. Rice‘held the Sﬂ‘molecule

responsible for this.color, but S is known to be yellow. (See Sﬂ) Another

 explanation is based upon the similarity of the color effect in colloid

- solutions. The color changes at 100°C imto yellow.

h) 'Violet Sulfur‘-.If'a molecular beam of 82 is slowly condensed on

a surface at < 60K, a'violet-purple solid forms. This solid has two ab-
'; sorption continuous in the UV. At 80°K this form converts into green sulfur.

" The composition of purple sulfur is not known, but the preSence of S has

' 182-184

-~ been proven - and the color ‘might be due to the same particle which

158. .

The stability ranges of the metastable colored forms are listed on

3




- compounds, atoms and small molecules are often assumed as intermediates

- IV 3E E ‘_ B39 -‘ ' o | él
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E. Allotropes Prepared From45ulfur Compounde

In stocnicmetric equations for the formation of elemenﬁal'sulfur fr?mﬁ '

It is very unlikely that such unétable particles of the element occur in f'

'»1a solution. The allotropes form most probably through an internal dlsplace4

: ment reaction or an intramolecular rearrangement such as a ring closure or -

a chain sclssion from molecules which contain already the correct number
of sulfur atoms. The most frequent intermediates ‘are polysulfldes or

polysulfoxyacid ions in varioue oxidation states. Da#is66 explained the

formation of Sp in acidified ThiO-sulfateLsolution,‘for example, by the following .

- - . . | | o
~overalls.: ? ,f\fm . A/S-§}§ 5
‘mechanism: 0 - ,S -8 '/S\ O- e d S\ /S

| o~ o - s -8

The yield of different sulfur allotropes depends mainly upon two

: factors‘ first, upon the’formation or displacement rate of the allotropes

1([S 1) from an 1ntermediate compound which has alteady the correct number._

\

Cor sulfur atoms* (In reaction IT this mumber 1s. n+l), and second, upon the
formation rate ﬂlcn+l]) and the lifetime (const. x [lCn+2]) of the'inter&a;

._Jmediate compound.' The displacement reaction rate will depend mainly upon

. "-steric factors, 'a.nd..:lt is certainly higher for the torsion free 88 then

for the S, and the 8 ring. ([8g] > [8gl). The formation rate of the

intermediate componnd and it's lifetime will depend strongly upon the

B concentration, TH, temperature end'chain_length. The formation of an
" allotrope will be‘favored whenever_ﬁhe;formation rate:of‘the allotrope

is greeterrﬁhan'the'formation refehof the intermediate. If the temperature



' 'gho-'f-""

' 'fédceeffdcient of [1C ] >> [S ] and is more important than the chain length ‘
v(n), three ‘cases can be realized. ' '
1) [1c 15> [8g] > (851 | -
In warm eoncentrated solutions a fast‘pﬁ change leads mainly to long
'f*chains wvhich form Su.
| 2) [108] > tlc 1> [s6].
‘Under mild conditions, the formation of Sx will be favored.
3) el ~ [8l. |

In cool solutions slow acidification will yleld an appreciable amount

:”Af of 86 _- One cannot, however;'obtain 86 thru slow reaction at standard

temperature, since the S6 is not stable enough.

S A1l three molecules have been detected under the condltions mentioned
VJLeabove. 31 has been discussed on page 15,'Su'on page30 and we Will now

 discuss S\ ;oo
: P

8» S
)_ P o
We will use the term Sb only for the unbound cyclo-hexa-S molecule,
" and not as & synonym of S, (see qa). The Sﬁ:molecule‘is unstable (see
”:;'page 13) ‘and has been obeerved only during the decamposition of sulfur
”ccmpounds. |
o 22 o ' : ' 83, 8k
It is best™  prepared after the method of Engel « Concentrated
« HCl 18 slowly stirred into & concentrated solution of sodiumthicsulfate
at 0-10°C. The § is then, together with S, , extracted with toluene or
benzene, and the S¢ yield is < 12%._ Da.vis66 has explained the formation
of S during this reactlon. On evaporation’or cooiing of the solution S6

crystallizes. If they are carefully cleaned. with KI3, PbS and KOH 2



’i”;the IR

w3 A'v' . . | R

8 solutions are airly stable even-aﬁ 60‘0.20 Bartle ttlT’ 20, 22
B .

'studied such solutions very carefully and found that Sp
iolL times faster®: than 8 ith (Phenyl) P, CN and OH”. This reaction

2y 229 .o

has &

reacts roughly

' is catalized by traces of H S and 50.. The ultraviolet spectra

2 2°
20 have been studied in 052 and broad absorption ‘bands around 2900 A

and 20u have been observed. (See appendix 6.)

D) S...
: . Co ' o . 244

Se and Sp‘are often used as synonyms. We follow an earlier suggestion -

and call the c¢yclo-hexa-S molecule Spc This molecule has so far been
_observed only in one crystalline form, which we will call Sg. Se has

83, 8l

" been discovered by Engel. The correct molecular composition was
" first reported by Aten,*© The sé ig better known than the stable sﬁ.form;
. and is by far the best understood unstable allotrope. - The molecular

symetry (S ) is Dgye The envirommental symmetry is C,,~ 3. The crystal

_ 3i
: 80 78-
symmetry 1s 03 ﬁ? * The: lattice constants ares
'\\ . - ' o v' '
& = 10.8183f 002 A : T ate=1lz: 0.39
e = k28 .00
o 114
The morphology was first studied by Friedel and the crystal
115 _ . 7h

- symmetry wss proposed by Frondel, ‘Donnay’ and reoently confirmed by

Donohue76. Powder data and other x-ray date are reported in ref. k7. The
" melting point of S is estimated t0 be below lOO°C. The density of this
allotrope is higher than that of any other. 2. 135 gr/cm ; Eech atom has

‘twelve neighbors within -8, distance of < 3 5 A.
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- Several authors report that S ‘has been found in nature. The produc-
s tion of S from boiling sulfur solution has been described, but this seems

'if'doubtful since 1t would nescessitate the formation of S from the S i.e.,l":.’ '

P o

the formation of an unstdble ring with six etoms from_a ring with elght

‘" atoms in a solution.

S crystallizes if a solution;:of Sp is'cooled or eveaporated. Thef

crystals convert within a few hours into S if the S was not carefully

- purified. The pure §_ is at 0°C fairly stable.
| c) 8req ™ Three different sulfur systems are labeled as red sulfur:
» 1) Erametsgge preparedvred and pink sulfur.by combining C82012
'ﬁdtn}at(NHu)Sxf soltulon at pH8. A.chrometographic separation leads to two
components which have been chereeteriZed by:their_x—ray'diagram and by their
uvvmolecular weight, as determined with an ebulloscopic method, but this form =
| hasg not yet been ascertained. | v | | | o
2) Red sulfur is obtained if 5 1s irradiated with @, B or v
.I.'.'._radi'ation.232 :
3) ﬁed»sulfur can be obtained by trapping sulfur vapor (see
A'?pg 33) Mitscherlichl89 and many other: authors have reported other red
Tsulfur forms which have later been clearly identified as impurities. All
the forms mentioned above ere multicomponent systems and are not well defined‘
or‘underetood. | | |
| | d) Sv
1) See 1V,3,C, a.

91

2) If Erametsa 8 red sulfur, prepared by combining 5,01,

and (NHh) S is stored in. the dark a new allotrope is formed. -Its lattice

(csc1), x-ray;
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) color,‘ and sublims.ti-on temperature’are'ver'y siinile.r to NHhCl, but the

’a sulfur a.llotrope. _

21 solid foreign solvent.

. _'condensation of a rare ga.s a.nd of sulfu.r Vapor.

author of this form studied S carefully a.nd Was convinced tha.t it Wa.s

F. Sulfur Allotropes in 8olid Solution

We ha.ve e.lready discussed two cases of S-self-solutions’ first thef.-

metastable £ilms which e.re ob'bained i:E' molecu.lar S-bea.ms are trapped a.nd
- second the quenched melt which is partly a solid solution of S~ in S .

".We will list here two cases. where sulfur a.llotropes ha.ve bean studied in

a) polar solventss

1
. 33 505,

Sulfur dissolves in NH 5L and meny other liquids, but the

e 'solve.tion i-s generaily accompa,nied or ca.used by some chemical reaction.

It seems, however, that sulfur does;mot react with alca.liha,lide melts.l3?

At 700°C, a deep blue solution is observed in an eutectic K:Br/CsBr mixtu e |
o (If the liquid is’ cooléd slowly, the melt crystallizés with green sulfur
_'_"‘inclusions P but if the melt is quenched to 78°K .8 metastable solution lSv
trapped a.nd remains colored even: a.tt standard temperatuneSfor many days.
.It is easy to press pe'llets‘ from this solid, but the IR spectra are
_‘coxnplicated a.nd.v are not yet f‘ullj‘ .u,nderstoodv,‘ Tt is not clear what allo-. :

- tropes can exist under such conditions. o

' b) Non-Polar Solvents:

Homogeneous metasta.ble solutions ca.n be trapped 'by slow smultaneous .

183 Very pure solutions of

‘S in Ar, Kr and Xe ha.ve been prepa.red in this WaY e

2
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- If .I% S is condensed in Ar, Kr or Xe at ! temperature below 25°K§ a very

bE

pure 82~solutions is obtained and the spectram of such solutions is

sxmilar to “the gas phase BPeCtrum-ls6:  S “.7f:j



" "been obtained in pure form: 1) the cyclo-octa-S (S\); 2) the cyclo-hexa.-s

T again, only the diatomiec molecﬁle_and the atom are well known. For the;

TS

V. coNcusoN oo

Of the overS.lO5 different Sulfuf particleé obserfed, only four ha#e

‘

(spi_; 3) the S moiequle and _h) the S-atom. Of these last four pa.rtlcles,

*1

2 .

'_vhexatoﬁic and~6cﬁét6micAmoié¢ule,'the speétrqscopic data is incomplete and
| inconclusive and mOSt'Qf.thé thermsl data is unknbﬁn.. The study of polymers
fksuch es Su’dsw‘and iidées'not promise faat'progress from a molecular staﬁd-
boihf;.and it'éeems that much future research will be concentfated on com-

" pleting the data of the four molécules‘ciﬂéd above. It will, however, also

v f_be possible to isolate and study several of the Small molecules: Catena-

-~ octa-S (s ), 8 7 8), and 8

" 1ikely that for S

535 for example, all can be trapped at lower tempera-”,
. tures because the recently developed low temperamure techniques make it
:f;lpossible to trap such unstable particles in ‘Rétastablé’ form in- purity. and

3-fquantitie§usdfficient foraobservaﬁion_ _
: Thevpoiymorphism 6f-suifuf is_a'widé.open fieid}. We indicated thatu
3 many.differéat arrangeménts can yield similar lattice enefgy and 1t 1s
N apdvsp'a great ndeer of modifications will be found.
| " Only polymorphs of sa(sk) have so far been investigated, and thewin
w?ieXiétenCev§fsthe;lohaliotrépesxréportedhas not always been conclusively
j'"__',,’--prgdv._ed’. Astdnighingly-dnly two forms, . 5 aﬁdjsf, have been clearly.under-i'*

'-}iastood.evén'thoughuSw isﬂstableﬂand*haSﬂbeeh"frequentxyfiﬁvestigated.

B |
Many modifications contain a complicated mixture of allotropes.. The,
‘Ticolored forms, for example, all contain S , and their composition is very

tﬂsensitive to the preparation conditions. These fbrms are also photosen31t1ve.



" From'a chemical point of view, ‘the colored forms are interesting because = o

of their high reactivity. The sharp limit of their stability ranges is an

indication that they might contain one Iﬁarticle as a predomina.ot component . N

The polymeric forms S _and S have been well studied, but their cgmpo-

| sition is not yet clear. One reason for this is that one does not yet i&ow
: enough gbout thelr source. For example , the. stability of §; ;in liquid. SUl-
fur iS not established and there might be more part:n.cles in the liguid than
has beén assumed. . , | : |

_ . Almost all sulfur a.lylotrope's are photosens itive but most experiments

- have,v been perfomed in the light and without control of this parameter. One

~of the future tasks seems to 'be_to :tnvestig’a.te the influence of radiation

-...‘_ on the sulfur system. , d |

It 1s 'not the.purpose of this short and preliminary review to survey -
the methods of separation and identification of allotropes. We repeat here

| only that a sta.ndardization ‘of methods could here, and in the entire field,
facilitate the coordination of observations. |

Because of the large amount of specialized information a.vaila.ble con~

o cerning elemental sulfur, this review was restricted to solid and unstable

- -allotropes , but even this re]ative small fraction of the whole field is so

complex tha.t many :lmporta.nt problems could ba.rely be touched. It was our

genera.l procedure to refer to information in the form of a guide to the '
»'J_‘.itera;ture"’,' rather ‘tha.n'vp'resent a complete listing of data. |
- ACKNOWLEDGMENT |

The suthor wishes to thank Dr. Leo Brewer. = . R



U Tame Synonyma

- Appendix i{ Nomenclature of Sulfur Allotropes

~ Present Status

Stability

~Molecular

. See»Séc,'IV-

Z of Identification

-?va.;ff 1lat Modification
- 0o 1st Muthmann modifica.
-+ orthorhombie ”

/;COnclusive

¥ '2nd. Modification E

.. 2nd. Muthmann Mod. known
. monoelinic (I) sulfur

o prismatic :

TU 'y . 3rd Muthmann Mod
... 2nd Monoclinic
2" Naecreus sulfur
""" Mothér-of-Pearl sulfur
‘Gernez Modiflcstion

" Incomplete

© 4th Muthmenn Modifi.
.-+ 3rd monoclinic
‘“<5r-mOQQClinic-

Ambiguous  :

- € - Engel sulfur,
. Aten sulfur
.. - Rhombohedral modif.
.~ Monoclinic Engel

Cpnclusivé'i'

't 5th Monoclinic Ambiguous

N " hth Monoclinic V Ambiguous

¥ ~  Tetragonal  Ambiguous

i .; R e o Ipconclusive'
A Stands for unbound

Conclusive
_.¢yclo-octa-S ’ '

Structure;hotﬁggaé

" Unstable ‘

- Species

Only stable

form at room

temperature

Stable > 95.6°C

Metastable (2)

" Unstable _

- Unstable

Unstable
Unstable
UﬁSfable

Stable

Cyclo-octa}S

hcyCIOAOCta-S;.:HJ

e

Cyclé—dcfaasv _
Cyclo-hexa-S

Cyclo-octa-S

CYclo-octaFS

Cyclo-octa-S

Cyclo-octa-S

Cyclo—octa—S‘

Cyclo-octa-s‘

Section

330’1’

ik
i
i
\‘I'E
td
B
!
:
¥
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Appendix I - Continued

Name Synonyma, - Present Status of  Stebility Molecular Species See Sec. IV

Identification o ' ' Section

R T Term designates  Conclusive Unstable . Catena-poly-S . 3,8,
ST -insoluble . SN . o N T
?Lymeric chains
v . Term ,:Ln_consistent- Indonclusive _ . L " Mixture - o 3,0,8 e
o - 1y used: for using ' . ' : ' S
part of u with spe-
" cial properties

E

f = Trieilinic Mod. . Ambiguous Véry unsta‘ble' ] Cyclb_-octa-s , 3,B',i1 . |

BRES AR

o '..;..'.." - - © Ambiguous ' Very unstable Cyclo—bcta-s 3‘,B,Qg

» :r "Atén g Modificetion Incomplete | . Unstsble Catena;oétafs o 3,Ca

. . N s 14 . .
- - - B P L . B
TR

) here u.nbound cyclo- Conclusive  Unstable | _ " Cyclo-hexa-S ~ 3,E,g
L - hexa~-S molecule . co L e L LR
b) often Aten-—S Engel

5 'r"‘- L - _ ' ° Ambiguous Unsta.ble"_ ‘ _ Cyclo-octa-8 a 3",3,::!7

¢  Fibrous sulfur ~ Incomplete ~ Unsteble - Catena-poly-S 3,0
. ~ : , . s - or mixture ' o

“Used for 2 forms:! R S
8) Erémetsa Ambiguous Unstable Cyclo-octa~S
b)) Plastic-designates Ambiguous Unstable Mixture (2)
; ‘mixture of w & v S S '

Fibrous Sulfur Ambiguous Unstable Catena-poly-S 3,Cc,f
Stretched Sulfur ) o - or mixture

® - Insoluble sulfur Incomplete Unstable Catena-poly

: white sulfur A - mixture (2)
super-sublimation R : ‘ :

Das modification




_ Bppendix I Continued

. Name .Synonyma

Present Status of

.~ Identification . ..

Stability

: Moleculér Species

See page

"Q>ﬁqﬂ7_ ‘Tfic1linié
" Aten Used for §_or S
’.‘_.‘:.j el ) € o}
"*thiBrauns .Mixture, seep:
~ 'Engel See S_ and §
 beéhlefv'Col1oidal
f.:Amorphdus.'Seé no
- Metallic -
C. Photo- -
isulfur e
‘ gw'Irradiation' -
sulfur

~ Black  a)Mitscherlich

~ bJSkjerven
¢ )Rice-Schenk

Green '
Purple Trapped Sulfur
Violet _ '
Brown

- Red &) Trapped S

c

Inconclusive ‘

Conclusive

: Inconclusi#e‘

B Ingomplete_

| Incompiete “

Not elemental sulfur
Inconclusilve
Incomplete

Incomplete

Incomplete

‘Qb; See irradiation Incomplete

Inconplate

Very unstable‘

ﬁnstable_"

,

. Metastable

_Cyélc;octa—s

Caténa-polyss .

- PQly-catena-S f

vUnstable_ ._ o

Unstable

Unstable |

Unstable
Unstable

| .Unsﬁable

Unstable
Unstable
Unstablz

 Mixture .

"Catena-sj

. Mixture of
... Catena-S

‘*Catenafs“‘
Catena-~S
Mixture

.."}3:E:d i

3}C,é» 

.réﬁgii.;{i:” %;; 5€§ 1:iJ. ﬁ 

":3JB{g'. ; .

5 -3,D,¢.-"

e ey g T e A bty e
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"Appendix II. Some Molecular Data

o}

Formula @ 8§ =8 ' - s =8 ..  s=8: .
- : , : 8 RS - - X

vvf‘,ﬁ,..".'.' A i SRS BRI

'Name f : Cyclo-octa-s;'“;‘ Cyclo~hexa~-S; ‘Catena—p§1y-s;

S-5 bond length 2,059 +,002. .- 2,057 +.018 . 2,04
Cin AY . T TR |

 Valence-bond - ©  1.076 * .6 ' 102.2+ 1.6  107°
'~ angle = . © . 102(¢01d) - <. -104(01d) : S

R |
AT

Dihedral A R T AP R n
_angle = : 98,9 -+.7 - 74.5%+2.5 - 87°
| | - T qnioray -

-~ Number of non- 6 ‘1. {'w 212
bonded distances R P
3.5A

Molecular Symmetry D : h D o
' . 7 ad 34 - ‘ S 24

B - N v
Y
‘.:



Appendix II . -

~ Figure 1 (Caption)

le.) Structure Of the Sx molecule (CYCIo-octa»S), : symmetry Db,d Page 16

1b) Structure of the Sp molecule (cyclo-hexa..s) , Symmetry D3d Page 39 |

lc) Structure of' the Sﬁ molecule (catena.-octa-s) T Pag_e'v 29

4?1-,
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.; ‘ '_ . Appendix III, Polymorphs of the
H L v Various Sulfur Molecules

Molecule L Polymorphs

. CyCIo-oéta-s‘iulfurv..(.x ) B . v:a') B) T)sv) C:"l 2 )\-JV?) O;e?'r,at

Ydy

3 . catena-octa-sulfur Cx ) .. . ... ..  None

o Cyclo-heﬁa—sulfur (o) . S None -

' catena-poly-sulfur .~ Amorphous= 4, ¥, 8,¥, o, n,
o S R S threads m, v A Y

forms o S . (8), (u), black, green,
' ' ’ ' " red, purple, photo, in,
Brauns, red. v

_'Migﬁggg,mmulticpmponént
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Appendix III & ~ Stablility Ranges of Defined
Colored Allotropes

... Solvemt  * 8- . -~ Prep. T. Observed Color
C e ST Stability.
Conce. . X Range , °K

"Identified

Speqies

35 35 -
h- ks . < < b5 Maroon
50 . - 50 |

g:ﬁ)»
A
L
R

s
T

290 5,

i
:

A, Kr, Xe - 35 ,
o; nbée T 25k Ls . 60 | b T< 60 - Violet
50

A, Kr, Xe s qg 60-170 b< T <170 Green
or none - -~ : .

- »j_'_ 100% 170-2k0 (7) kT <@ko  Yellow

S+8 7
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fStructure of Sd i

Fig. 2- (Caption)

Structure of Sy : sheared penny roll.
Structure and unit cell 'of Sa.

Structure of S as seen along the c-axis.

-r

'“:iVF;the S y fiber £1i1l the spaces in the helices of the latter.

,L;The structure of both SY’ and’ S¢ 48 not yet completely es-

tablished. o

crystals with their c—axis parallel to
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Jf Fig;f3f;i(Captien),33“

fas p |

.;JStability of allotropes = £( T y Tond)

' “start’ T
This three dimensional plot shows the estimated stability range r
, allotropes éas a function of the condensation speed together with the

. temperature of_the~eqnilibr1um sulfurfsystem from which they can be

"ij prepared .

The various'sulfur allotropeslto whieh’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 « and B are stable solids. With

i:increasing temperature gradient an increasing number of allotropes can
“ffexist in metastable form. The stability of allotropes generally decreasesv
”L: if the preparation temperature is raised because of the increasing number |

LN

- -of less_stable-particies._

AN
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- Appendix IV -~

f.Jl;) Specific Heat

T = 298.16°K ¢ p(Céi/dég;g;éﬁlj S (cal/deg.g.at.) AHF(Kcal/g.at.) Reference

Coa(s) s TR 295
B(s). 0 s T8 .009 295
s. (g) = 5.66 . ho.l ' 53.11 " Landolt-
atb. N A - -
_ oo . : . . ‘ : Bornstein
Zehlenwerte
" und  Funk -
tionen, 6th
Ed., Vol. IT,
pg. 184, L.
Syringer,
o o | Berlin (1961)
3 s, (g) 7.76 5h.5 30.85+0.15 4
'.Sx (&) 37.16 o 102.7 . 2k.35 . n
-6 2

*,35-95°c: 5.2688 + .006121T - 8.164 x 10~ T° (Ref. 295)
- *¥¥101-115°C: - 5.2630 + .00685TT + .08Q39/(115.176-T2) (Ref. 295)

N\

‘Note: Cp decreases from 95-101°C. (Ref. 295).
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.. 2.) Transitions

T°K | B

L8

cal/g.ét.°

. Ref..

e

" fusion ae=h

' '_Transitioh'i g"" o

| 368.46 £ 101

‘t'f‘aEB

©Basubl = A

‘fusion Bfk

et

 7f vap, Ak
Lo e
s -eA :3/u sx-s6

5/8 1S, \

1/2 sx-s,
S

i/4 SA=S, -

' fff.37h o
'.'&psubl é.x:;¢ 33;368.5 vi@} f:
U sees
o ~ 300 B

383

388.33

  ﬁfpo1ymer, X“'ﬁ,,;/Lh2'8'v |
o WlkL6000°C.

U LOOK.

Loo -

oo

koo
Loo

Loo

' 20.5
';_22.5‘

: 23{5 ‘

;096, 16 Kcal/g at

"..000383

. W

.507 .

10, 50

L 1%

2.5 -

S5.T Kcal/mql.i“
6.2

.01 _1t;{*fr
92
b2 L

n o
T

n .

1
1"
o

"

LU

261'; 0.002 2957-

7.93
8.7

7.93
8.38

e
2.8
.58

L35

v32. :

295 =

- 279-280
‘.279-280 ,

‘~26-

26

26

26
26
26

"::*:; ”;T+ K

% 1g.at.s =
.+ J. Berkowitz, W. A. Chupka, to be publlshed

(ﬂ)/( o) =

32. 066 g.

= 10. h3 exp. (-1596/T)
Ds-~uu ev261+°

 ﬁ3¥if:** K = (ﬂ)/(k) = 1. 137 x 10° exp. (-16520/T)

 This selection of recent values differs considerably from older gselections
(ref 202, re. 852) : R
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Appendix IV - .

..v3 ) Triple points 202 - |
1) a B, vapor 9. 31° 295

2)- o, liquid, vapor 112 8

E 3) B, liquid, vapor;ll9q3 g}sf?”fh

W) a, B, Liguid o~ 152

132,202

.00376 mm Hg
C .013m Hg

.018 mm Hg

.'~:lh00 étm,

. ) Melting Points - > /0 ',1f¥j:1f'5é;53ns~ .

112.8°C ( ideal )

a
]

119 ( naxural m{p.)

-

Il

11k ( ideal m.p. )

. 103.6 (?)

L
n

e 100°

m: 330 subl. i

boiling point SP; - Lll. 6ooo °c 176 ;

' 5.) - Bond Sirength: »(DOSE ailoe;h-kcal)

"1fH23 up té 3235 ' ’37L'.' 63.2xn’
’ R

52012;»" .

’88 1 ':-.'“: 9 ‘

'6.) S-8 Stretch Frequercy  440-550 - -

oL e

Reference
101
204

202

i
195
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Survey of ESR Studies B

’:.Mgterial:Studiédéfl_i?

g-value

. bend-width
" gauss

spin concent.

:
T
Lok

per mol

5
B Ref.

?   purple

S uquaa

" black or dirt
(see 256) . =

.. free electron

.tvf ;;2;0Oh#  :;?EEE}

2.010£.002 .

2,020

2.010

i52a0023

;ff9,5 

8.8 at T8°K |
2.2 at =78°C

8.8

- g '10-5

B ponents)'; 

-

1073 &t 300°C "
(increases by |

. 2.102 from 190
%o 375°C)

© Pinkus

Gardner,
118 -120.

208

(see T79)

{5.10"2
(six com~

Chatelain

49,50

Rice231

‘Gardner

118,120 .
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. Gmelin

"ivéys of Yost3o3(l9hh) and Schaefer

._Qo_:;i‘f‘“

Appendix VI

References of fields related to sulfur allotropes are compiled in ;

reversed chronological order in the following six sections.z

.,I'A) General Reviews : ’d ' ‘J_%—dﬁi;j A-:h~uz‘f B b._‘_; - E?_.
:B) Liquid Sulfur R A o » :
»::;G)_Sulfur Vapo} :
D) Compoundslepd Reactions
. E) Photo chemisfry and -physics

F) Spectra

" A) General Review

" The most comprehensive surveys are given by-Pasca1202(1962) and

l32(l95h). General information is reviewed by Pryor225 (1962),

- Schmidt2h9(l962), Wells (1962)29h, Donohue (1961), Ge e123(l958), Geeto?

(1955), Feher99(l954), Tuller283(l95h), end many others. The earlier sur- .

2ul(l9h0) contain much obselete data and

a rather confusing nomenclature. Thebbestdreview of'old data has been com-

piled by Quicnke220(1908).

~ B) Liquid Sulfur

2kl

Surveys are given by Schenk (1957), 2(19_55), Geet?t

| (1952) and
* Fairbrother??(1955).

Theories have been developed by Tobolsky 79 280(

1961), Gee (loc.cit).
~ Powell®2(1943). | o
Vlscosity has been discussed in Powell (loc.vcit), Bacon 3(19&3),

‘Farr? (1928) and Kellasl57(1918)




) Appendix VI - Cont inued

\ “flfffand Krebsl67(l953)

”i'ffTLewis

Structure has been described by Thompson 77(1959), Prins221(1957)

Electric Conductivity data, see Gordon 35(195h)

' Heat Capacity, Braune37(195h) RO

Speciflc Heat Feherloe(l958), Braune3 (l95h), West297(l929) and -
17h(1911) | . f, ., : :

- The free electron character is treated by Poulis .-(1962), éardnef
;‘(1956) and Feher1°°(195u) |

" The surface tension by Fanelli97(l950) and the color was dlscussed

';;f:eby‘Kelker 156 (see also sPectral references).

' C) Data on the Vapor Phase

Berkowitz® (63), Poulis> 3(63), Jaeckle’ 154 (61), Briske (60) Zietz306(60), 4
101

=;ff_ Feher" (1957); Bradt33(56), BreWerh_(l956), Bradley (sh); Braune3 ’35(52)

”f'ff*West297(29)$ Lewis

vfﬁwest (51); Cibronsky 2(49); Ture 1128h(h7), Klemm59(h1), Neumaﬁnl99(3h),

D) Sulfur ngpounds and Reactions of Elemental Sulfur

o 225 2k9 . '
Surveys: Pryor  -©(1962), Schmidt® “(1962) and organic sulfur com-

"l"_epoﬁnde Vol I. (see ref 80)(1961);

| *';”Fredga (1958), Ingrahm

250(1963)

(1960);

Special Problems: Feher103(1963), Nair'”'(1963); Schmidt

"Eos3106 108,1949-60); Koros™ (1960); Kovalskyl65(196o) pryore2t

110 l51(1957) Garcia 7(1958), Abrahamsl 2,k

(1953-56)
f.3k1ra1253(1951), Aynsle *(1935), Lew15175(1918) |

99-~10L

; Feher (61 contributions up to 1963)

o
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o Bartlettl7(1956) Dhar72(19h8), DufraiseS2(1946); Fe1g110h(19hh), Wigana?

%

" E.) The Influence of Light:

Studies have been made Dby: Bartlétt22(6l), Erametsa 88 89(1959),

:"

7%(1870). L

(1911) Rankin 27(1907) and originally by Lallemand

- The photoconductivity, chemlluminlscences and piezoelectricity wer§

'“'investigated,byx Zhelndev305(1962);lDeah67(1960); bhetkorov5l(196o);
f”Dorabialska§1(1957); Fridkin (1956) Sokolova (195h); Nedzhakov 196195

-~ and Moss 191(1951).

F.) Spectral Studies:

Vapor' The spectraum of S is being restudied carefully by R. F.

 ; Barrow and coworkers (Can. J. Phys. L1, 419 (1963) end Can. I Phys . ho
",i 377 (1962)) and a new system (?) has been described by‘P, B. V. Haranath
?f?ﬂj(z..Physik. 173, 428 (1963)) & survey of earlier studies is listed in B.
i'”.i  R§senx Donnees speétroggopiques>concernant les ﬁolecules-diqtomiques

”Hermann, Paris 1951.

136

Polyatomic molecules ‘have been studied by Bass 3(1953); Graham ™~ (1910);

 '<Gernez 5(1872) and Salet238 239(1871 72)

300 301 s

N

Kelker 156 (1954); Poulsen-Nautrup (l95h); Bass23(1953); Gerdingl?u(l9h3)'

o and Pakuaa®(1ge2).
» Solid Phase: See Srb271(1962); Meyer182-186(1962); Rice23o(l960)
":i-i‘Barrow (1953); Bernste1n5°’51(1951), Gerdlng (19&3); Norriszoo 201(19l+2),

. Venkateswarlu® V(l9h0);.Venkateswaran 5(1936) Barnes 5(1932) and Taylor 276

(1927).

Solutions: See 01ark53(1963), Bartlettl7 -22

( 1956-61), Barrow ( 1953)
Baer® (1949) Gerding (19&3) and for organic compounds, Passerini O3(1960)

Normal coordinate analysis have been performed by Scottzsl

toriusa}l(l959) and Venkateswarlu(see 211)

(1961) and Pis-
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