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A

I IN’I‘RODUCTION R ‘

Durmg the last hundred and f1fty years al large amount of detalled

' mformat:.on on’ elemental sulfur has been accumulated and more than o i
thlrty allotropes have been descrlbed however many basic propert1es of

) sulfur are not yet known. ‘ Much of the data are so mconcluswe or contra-_j.-_

d:.ctory that it is dxffzcult to estabhsh the present status of our knowledge
and an 1ncons1stent termmology hampers the coordmatmn of observatzons
Three reasons for thls sxtuatlon are: |

o 1_. Many authors assume that sulfur. bexng an element should

have a- 51mple behavmr pattern - Based upon thls assuxnptlon the obser-
vatlons-of expenmental data are frequently 1nterpreted w1th very few pararn.-; L

| eters, This’ approach is wrong and often ylelds contradlctory observatlons

" The solub1hty of plastmc sulfur for example has been studlecl by dlfferent N

e authors using the same-method but reportmg dlfferent-results It would be : o o |
_temptmg in such a‘case to daubt the reliability of one author and to select . i
‘one result as descr1b1ng the sﬁ:uatlon correctly. The prlmary, cause for ‘ i
the confusmg'_srtuatmn mentroned above is, however, that both groups-negv-'-_ !

- lected to glve an irnportant pararneter,‘ namely, the age of the sarnplve'.»'" Y_It
1s generally ohs’erved:that'_.sulfur alloitr0pesv forrn' or transform‘_under. the

' ‘inﬂuence ’o'fv m1nor dlsturbancessuch as’lvsunlig‘ht, | recrystal_l.i'z;a‘tion an'dv im-

’ rt'purities,'-’or even-with‘ tirné_aloné;: "I'he:half.life of rnany of these forms can

B ‘be of the 'order of the time required for ir;vestigation," and the sample changes .

- its composition under the hands of the‘inv‘e"sti.g’ator.‘ It is..hard or impos sible'_ A 1

" to isolate :one single, allotrope_in s'uchia multicomponent sys:te_m. ‘.fO_ften, Ly |
vmixture is so complex that it can'he.mistaken for a-new hornogeneous forrn.,._ . - |

The behavror of sulfur is comple# and capr1c1ous and can only be- repro- o = '

" -duced under well defzned condltlons
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2. Impurities are another source of confusxon. the propertles of

" sulfur depend crltlca.lly upon contaminations (43, 20). Selemum (280)
 hydrocarbons (239), and many other 1mpur1t1es react with the element (even
’ '_,:‘under mild conditions) and cause time- -dependent observatmns. A Sa.t].vaa'Cf
i "‘:"- tory method (12; 13) for purifying sulfur was developed only in 1943, Earlier";.'n' S

" dat4 were obtained with samples containing considerable amounts of other =

1

' materials, and even in recent years the influence of contaminations has been

 fre quently underestimated,

3. Elemental sulfur is used in chemistry, crystallography, phys-.'

iology and so many other fields that there is often very little contact between
different research groups. Therefore, the literature contains a considerable

~amount of observations that are uncorrelated to existing data; further, the

1

' same information has been frequently printed twice, but in different termi- . ‘
Anology. This situation could be improved if a survey of this field were avail-'

" able.

This review represenﬁs an attempt to survey the present .knowledge'.

| (Januafy 1964) about solid sulfur allotropes. Here, sulfur is c_onsi_dered |
. _s'olid:at or b'e-low standard temperature even if it does not form a regular.
‘lat‘cice Wherever p0851b1e, a systematlc relationship between formatlon

structure, a.nd the orlgm of the dlfferent allotropes is md1cated Reference B
‘ 1s occa51onally made to old 11terature s:.nce the work of recent years has

L ;conﬁrrned some observatlons Wthh had long been con51dered 1ncorrect
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II TERMINOLOGY AND NOMENCLATURE
The lack of coordlnatlon of knowledge about the d1£ferent sulfur L

o allotropes shows clearly in termmology and nomenclature.v Many cntena

" have been applxe\d to the labellma of. sulfur in consequence a systematlc

' ‘nomenclature dOe‘s not exist (‘106) There is, as a matter of _fact, not even = ..

._.,one'allotrope for which one singl’e name is commonly-'used Often "'a mod- e
N ification was first named after a partzcular property whxch the dlscoverer
L 'wanted to stress. Some allotropes were, for example called purple green

and black sulfur and orthorhomblc pr1smat1c andmonocllmc sulfur., ‘Un- _

"fortunately, most of the mentmned propertles are shared by several allotropes

and do not concluswely descrlbe a modlf:.catlon, thus a second def1n1tlon was |

. introduced or added such as 4th mOnochmc form, oxr monochmc form of

Gernez, étc, Another 1nsuff1c:.ent nomenclature refers to the or1g1n or the .

'preparatlon of a sample as'in prec1p1tated sulfur subhmated sulfur or
'\._-Frasch sulfur. _ ln an attempt to clearly label different allotropes a Greek

' letter nomenclature was 1ntroduced but in explalmng new observat1ons these'-} '

) _ ':letters were dlstrlbuted very freely. As a resu.lt Greek letters often do not.

de51gnate equlvalent partxcles but sometlmes stand for molecules (e g.. S )
.“somet1mes for modzfrcat:.ons (e g. S ) or even for comphcated mlxtures B
'f"(e g. 'S ) in 11qu1d or sohd phase A further d1ff1culty encountered m the

hterature is the frequent renammg of allotropes w:.th new or prev1ously used

- symbols Such a case of acc1dental or purposeful name shlftmg is, for example,

_ Sp. for Wthh here only a few synonyms are hsted SY Sx’j Sn’_- ;Su’ .etc._

: Table i hsts the names synonyms and other data for some allotropes

PO o S, S
A e . - v

LR P
Bes T T,
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3 | “Table 1. Nomenclature of Sulfur Allotropes. o
Name’ ‘Synonyms Status of Stability . Molecular | Se_étion_
L ' identification . species o
a ist modification - Conclusive Only thermoély- Cyclo-octa-S IV, B.‘3
- 4st Muthmann modification - namically stable o SRR
orthorhombic - ) - form at STP :
_.'ﬁ | .‘h_an‘ modification ~ Structure not ~ Stable > 95.6°C’ Cyclo-octa-S“_ . F;f_ IV/B3 :
~+ 2nd Muthmann mod. known o ' : S : - S
-~ monoclinic (I) sulfu : ' S
-~ prismatic R S
y = 3rd Muthmann mod. "Incomplete Metastable (7) Cyclo-octa-S IV.C.3.b
..~ 2nd monoclinic, Nacreus ‘ . o ‘ .
o sulfur, Mother-of-Pearl - SR .
L sulfur, Gernez mod, ' o
6 ' 4th Muthmann mod. | Ambiguoﬁs Unstable Cyclé—ocfa—s IV.C.3.e
" . " 3rd monoclinic :
.7 y-monoclinic IR
€  Engel sulfur, Aten sulfur:" Conclusive Unstable Cyclo-hexa-S : A C.5..b
- Rhombohedral mod, ' ’ - Lo S ,
~  Monoclinic Engel L
t ' 5th monoclinif:f | Ambiguous Unstable Cyclo-—ocfa-—S ‘ IV. C,-Z.é _
n 4th monoclinic _ E Ambiguous Unstable Cyclo-octa-S Iv.Cc.2. § ‘ 8
-. . ° . - : ' . . ) N . ’ o . - . '--'»‘. w
DQ - Tetragonal Ambiguous Unstable Cyclo-octa-S Iv.C.3.e .
- . - R . : . ]
i - Inconclusive " Unstable Cyclo-octa~-S . 1Iv.C.3.e 3
A  Free oi bound cyclo- Conclusive Stable Cyclo-octa-S IV.C.1.a ;;
octa-S ' o e S B <




“Table 1 (continued).

- Narne

A Synonyms °

‘Status of

Stability

Molecular
species

Section °

‘used:

“sulfur,’

CS -ihsoiubie sulfur -

.-~ . polymeric chains

,-_Term inconsistentlv =
p with. spemal. "

prbpernes "

Tricilinic mod,

T L

.

. - Aten's modification =

Fa) here: unboﬁri'ci?éyfcl:) —‘_

hexa-S mole cule

b) often Aten’ s, EngelA‘ "

a) ' Fi;b'i'ous .sulfu'lj s
'_ b)‘ Erdmetsi

<) Plastlc rrnxtul e of

(.O&Y

- d) Fibrous éulfur

Strétched sulfur ™

 Insoluble sulfur, white
super-sublim-. -
‘ation, Das modification

. identification
* Conclusive .

ey e

.~ Inconclusive

An'lblguous B
Amb1guous
: .' Inc 6_ﬁ1pleté

" Conclusive

g Am_l-)flg:ﬁous
"'-_';Incvomplet'_e' i

Arribigtioﬁs

- Ambiguous
 Ambiguous

','.‘In'c'omp.lete‘

Unsfable '

: _Un_stable':_
_Ufls_tabie |
' Unstable
’ Unstab1¢

Uz_lstal_ﬁle |

" Unstable

 Mixture -

Very unstable
Vevr'y unsta;ble-__
Onstabls

. Unstable

A _b Catena-poly-S

W

*,-cyab-aef;;s
. Cyclo octa S
Catena octa S

: 5 ,‘Cyc lo/— _hexa - S

~ Cyclo-octa-§
.Catena -poly-S

~or mixture
Cyclo-~octa-5

| Mlxture ('?)

"‘Catena poly S

:'.V_Catc'né.'—pbiyi-'s '_ ]
. and mixture

IV. C.3.c

.cad

w.c2i .

w.ese

2¥ 89L07-THON




: *.Table 1 (ébntiﬁued).

Brauns o

- ._Engel

Woehler B -

' Amo1 phous '

Metalhc ‘

Photo sulfur_

Irradiation
sulfur

. BlAacl_('-" o

Green

Purple o

- Violet
- Brown

Aten'" .

i."f_'See S
v " C01101da1 o
" See 'S

DU )

Tfapped Sulfur

' (c );Precipitatio_n‘ sulfur

: Synonyr_iris_:

. Status _of

identification

" Tricilinic .
See p .
" Used for S and Sp S

B ‘Mlxture see S

‘and S
P

(a) Mltschc rhch ‘

o (b) Skyerven
_ (c) Rice-Schenk

~(a) VTfapped; cOndensetion

sulfur

(b) Irradiation sulfur

. Inconclusive

7. Conclusive

_"Inconcluswe |
Incomplete o
e vIn_complete

" Not elemehtal o

"sulfur -
Inconclusive

" Incomplete

. Incomplete

.inc omplete

Incomplete

: 4‘ Incoxnplefe

. Stability

Molecular
- species

Section

) Very unstable
Unstable C

Metastable ._POIY—Cat_e'na“S, LT
4 Unstable
Unstable
Unstable

Unstable |

_Unstable

Unsteble
Unstable o
E tUnstvable '

_ Unstable ' Mixture

‘Mixture

- : Mixtu'_re'

Cyclo-octa-S

) 'C_atena'—poly -S

S IV.C.1a
L IV.C.2.a
- IV.C.1.b

Catena-S

Mixtire of

- Catena-S,

mixture

 ‘Catena-S,

“mixture

IV C5d

IV.C3.c |

1V.C.4c

IV.C.Ac-h
N catena-s .. .4. - R

IV.G. 4. 5' S

'IVCib

IVCSC

Q.
N
e
B
3.
O
®
s
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L tropes d:.ffer so much in their. behav:.or that general and over- all data ha.ve

o | SR UCRLf,i'd.”és_'Re"’_-‘.,;’l"

» The gene‘ral properties of elemental sulfur and many- of its m'odifi-;"; v

: catlons are revxewed in references cxted in SectlonVI but the various allo-—

&

| '_"Only limited value.' It is the Purp0se of this chapter to ‘indicate S'Ome “com. ot T

( A ‘mon sulfur sources and then to discuss the pr_oblem of impurities; R

A. Sulfur Sources

: Cfommercial sulfur i's‘ deriyeld from two principal sources'  First,
it can orlgmate from the vast natural dep051ts of the element second it cé'.n' | e
| be formed generally as ‘a byproduct from compounds Untxl 19‘14 most'v.
com.merc1a,l sulfur came from v_olcamc sources_. ThlS sulfur forms large
, crystals.of Sa which are yellow-brownish, due to;a_ratherlavrge 1mpur1ty _ i
concentration. A mate_rial_contalning up to 99.99% sulfur is now p‘roduced |
‘ by the Frasch (115)_method, which involyes melting and recrystallizing of..

- the element under water-vapor p're_s'sure.' The mai‘n impurities in elemental | i
samples are‘: Air lnclusions, water, hydrosulfides, heavy-metal sulfides, |
- sulfoxy acids end some arsenium, 'vselevynium, 'end'tellurium. 'Commercial‘

o sulfur is generally a mixture of different allotropes containing“-mavinly’.'»
| orthorhomblc Sd and plastic’ SP-' sulfur.v." Bes1de the’ stable S form two .l

unstable '(S'_'I.‘P’) modificati'ons have been observ_e'd in nature: VSﬁ and S\{;

both howeyer only in small samples

’I‘he most popular forms of sulfur are precipitated sulfur, sublima- '

‘tion sulfur, and sulfur flowers. They all are obtamed from compounds which v
occur, for example, during the petroleum refimna process as by products ' M
. and conta.m the 1mpur1t1es mentloned above, and. also contain orgamc sulfur

compoun_ds dust ‘or solvent traces In the laboratory, several methods are.

- R
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‘are the reactxops of

| The mechanisms of these reactions (69, 239) always involve the formation

’,'cip'itate,with sulfides, oxyacids, and solvents. It is hard to purify the el-*

UCRL 10768 Rev

e

iSZClz + HO ”’ {Sx}+
3 l\lH4'-S#;-NH3." + "‘H3o+ - "{Sx} Yo
4 HSS o+ S0, - f5) o

4

purlflcatlon process

A new rnethod has been developed by whlch sulfur can be released in -

BN

B. Reactions
So far, reactions of unspecified mixtures of allotropes. have been

mainly studied, the composition of which can only be guessed from the re-

- transitions, and it is hard to isolate the rate determining species; but it has

. been demonstrated (17, 22) that the reactivlty of sulfur depends very much .

upon the molecular structure and that the vapor composition depends upon

the nature of the allotr"ope (28). Therefore little quantltatlve data is avall-

. able about the reactlons of sulfur

Under carefully selected conditions sulfur can react with almost any

7 element but here only some selected reactlons ‘with 1mpur1t1es are hsted

For a more complete dlscussmn see references 123 139, and 239 '

s,

|5
T

. l"':.‘

used for prec:1p1tatmg the element Probably the four mOSt Popular methods N

of polysulfur chains in eompounds which then degrade. During the wet G
preparation of the element, a variety of allotropes are formed and copre- " L

‘ement in this form because it can react with the contaminations during the .. -

' precisely measured amounts from a sophlstlcated electroly'uc cell (247, 248).' o

.- action conditions and reaction media. Many reactions also involve allotropic .~



SR this method (6 17 154 455), - oo S
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- The use of rad:.o actxve 1sot0pes (45, 182) often fac111tates the study'v

B ” of reactlon mechamsms, but soO far relatlvely 11ttle use has been made of

‘ 1 Elemental Sulfur Wzthout Reactant *

- A great vanety of intra and mtermolecular arrangements have such
" a similar stab111ty that the energy transport even durmg careful handlmg,
I _.can' bring about a transormation, Such allotrop1c transformatlons form the 5;}_ .

. body of this revxew and are discussed in Sec IV R R g

2. With Aqueous Solutions

'I‘he reaction of the element has been studled under dlfferent condl-

tions (172) -The mechamsm' is not yet known (239) but the pro‘ducts are L
.-hlghly water soluble and 1t is probable that they catalyze the react1on Smce

- sulfur is water insoluble, reactions are often performed in a m1xture of an

~aqueous solution with an organic solvent.- ,

l' 3. In Organic. Solvents

; Sa* and almost all allotropes but S andS are falrly soluble in ethyl-

. aloohol benzene : toluene : carbon dlsulflde, carbon tetrachlorlde chloro- E

' form and many other solvents (157 319) Reactlons are brouOht about by

' lmtroducmg the reagent d1rectly 1nto the solutlon or by m1>.1ng the solutlon

"'_w1th an acetomc or alcohohc aqueous solutlon of the reagent It is not yet -

© clear how much .the solvent partakes in such reactions, but they often form =

compounds with sulfur.‘vf- Acetone With sulfur for example gives a deeply

colored solution, and alcohohc solutlons always smell of hydrogen sulfide,

" the formation of whlch is stroncdy enhanced by hght (317) Polysulfldes are

also detected 1f sulfur is dlssolved in hydrocarbons and in cumene heated to

about 142° c.' . ‘_'I‘he _last reaction probably'ln_volves open chalns of the element’

<




" and sulfite., At temperatures above 200°C,. the sulﬁte ions are formed

' 'directlyr'.from the element.

| UCRL-10768 Rev. -
(239) Such chams have a free radlcal character (200) and make sulfur an e

excellent polymenzatlon inhibitor (238 294) for polystiryl (18) polyvznyl

l

polysulfenyl and many other substances.

" Nucleophilic reactions: Trzphenylphosphme the cyanogen ion and

S ) many weak bases, (17, 18, 264) open the octa-sulfur r1ng and degrade (19)
. “the chains under forrnation of the corresponding sulfur componnds_. Ammonia :
_and triethylamine, however, react with the 58 ring only in the presence of -

arylsulfide (20). The reaction w1th arylimines is not yet clearly understood

The hydroxyl ion reacts qulckly with sulfur at 100° C and leads to the '

_ _formatlon of th1osulfate whzch then decomposes on furthér heating 1nto sulgate "

v

g

- The most important reaction for our discussion is that of the sullfid;é\e_

%
e

ion.v The sulf:.de or polysulﬁde is often present as a primary 1mpur1ty, or %’.s .
eas1ly produced through the reaction of hydrocarbon 1mpur1t1es w1th hot sul-
"' 'I:‘fur. It polymerizes to long polysu1f1de chains,which in many respects, react =
.v‘j”very similarly to the chains of the element; the components can,therefore,

' -“hardly be separated in a mixture of elemental and sulfide chains. This causes"q,f

'.v'."-'many of the confusmg and contradlctory observations assigned to the pure

element, such as,for example, the data on the viscosity of liquid SP-' (12., 103)‘,

If sulfur colloids are stabilized with ammonia, sulfide ions are a_lso R

L 'present. Electrophilic attack on the sulfur ring has not been observed in

solutions, but occurs in the presence of concentrated acids.

4, Reactions at Elevated Temperatures

'During the preparation and purification process, sulfur is either

‘ ’melted or evaporated It reacts under such conditions with air (173)' and

' almost any 1mpur1ty Orgamc contarmnatmns decompose slowly and mamly
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form sulfur d:.ox1de wh1ch evaporates (202) hydrogen sulfxde Whlch is hzghly

. soluble in the melt (269), and carbon (202) whlch preC1p1tates w:.th a mixture \ -

1
P
A

3 K ,l

- of insoluble materlal (12). Such carbon dep031ts are black; they are a }w ; .
. § : . ;rj% 4

*'sensitive i’naiCétiOn 'for the presence of 1mpur1t1es Sxmxlar spots remain .
- after the dlst111at1on of sulfur frorn glass bulbs (138) They are beheved to -} '

v “.come from the formatlon of sﬂmmm ‘sulfide and other sulfides on the- glass

surface (wh1ch is quite reactive at the boiling point of sulfur),’ No reaction ¢ -

g

'is observed when the element is vacuum distilled. Quartz glass ‘does not ré-

act thh sulfur vapor below 1000° C Black dep051ts formed in pure sulfur

have also been explamed by the as sumptxon that they are a new modlfzcatxon i

(271) (see “black sulfur")

5. Other Reactions

K

 The formation of deeply colored solutions of sulfur in inorganic !

liquids has already been pointed out. The dark blue solution in ammonia- :

: _,(133’ 155) has a vquasi’-metalllo character. With oleum or SO, a red solid -

3’

-crystallizes (158), which is believed to have the formula {SO . S } In alkah-

. halide rnelts almost any eolor can be .p‘i'oduced‘(144) the color remams after I

'trapplng at low temperatures for a lonc t1me (194) Some of these solutlons

- 'iare paramagnet1c (158) and contam dlfferent actwe spec1es but only very |

.. little is known about such systems

Sulfur and selemum can substitute for each other in crystals (,145 146)

¢

o in chains (70) of the l1qu1d but not in rmgs (280), The Se -~ S system has been '

studled in the hqu:.d (280) and gas (74) phases with the help of radloactxve

‘ vzsot0pes AL

C. PurificatiOn Methods' .

3

' Sulfur-is often considered 'pure". if contaminations cannot be observed

-~ _or do not interfere.lwith 'a;n_._arbitrarily se_lec-:ted set of,teSts_;v ‘The Spuri‘ty




. " inations as the investigated properties: Crystailographic data and many o

. other properties of sulfur_cari be studied accurately on "\{'olca'nic crystals, but,

UCRL-410768 Rev.

requirements however vary from one experiment to another, and the above

'i‘{:‘v._deﬁnition is only sufficient if the tests are at least as sensitive tocontam- .. B

melt (43), and 0.002% of sulfur dioxide catalyzes the reaction with tri-~ >

- phenylphosphine (21). Some methods which have been proposéd to purify sunl-: -

fur to different degrees are: .

o4 Cvénventional Methods (138)

[

. less than 0.1% contaminations already cause an inconsistent viscosity of the

. The most commonly used and most unsatisfactory purification pro-"

"+ .still more than a 3% hydrogen sulfide and 0.08% sulfur dioxide (21). The 

N

‘ ‘ an erroneous assignment of the infrared spectrum (287)'. ‘ |

“cedure is to recrystallize sulfur from organic solvents. In this way one can -

" obtain beautiful cr‘ysAta.vls (318) but they contéih, besides solvent i‘n;:lusions.;' =

‘carbon disulfide inclusions in a Sa crystal grown in this way have lead to |

Often sulfur is separated from insoluble impurities by being filtered E

through giass wool, This-'précess does not remove any soluble impurities,

- duSt..

helps to saturate the liquid with atmospheric gases, and frequently introduces .

‘Another method consists of washing sulfur with acids. If this treat- - : o

ment is not very carefully controlled and.completed, it leads to a sample '

- saturated with water, acid, and oxydized organic contaminations.

‘The distillation of sulfur (75) under atmospheric pressure cé_hnot be

' recommended. The pyrex containers react at elevated teinperature with the

elefnezit, and many'-impurit_iés are distilled in the same fraction with the sul- - .

fur and react to form new compounds, °
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' 2 ‘New \/Iethods

Durmg recent years two conventmnal methods have been sophlstlcated

p‘ B O

for the productlon of a very pure element The first is zone meltmg and was.

used (188) to grow crystals of S(1 and S.. The second ernplo'ys an electro;_

5

- lytic cell, _Pt-Ag-*AgSéAgI-Pt;' from which sulfur canvbe released _q'uantita-” L

) tively (247 248)... Chromotographlc methods (91) have also been proposed
. :

':for the purification and separatlon of sulfur allotropes usmg alummum ox1der L

" and silica gel columns or paper and carbon dlsulflde or carbon dlsulﬁde al-

. 'cohol mixtures as solvent but sulfur undergoes allotroplc transformatmns

NS
" and reacts thh the column material (20) In addition, sulfur compounds and’

allotropes have on the mater:.al mentioned very s-imilar f-values (262) and
are therefore.not suite'd'for separation Mass Spectroscopy-ca.n be-applied
- for the enrlchment of ’1sotopes and the separation of pure sulfur in small quan- '
tities, but the propert1e of th1s element make it unde51rable in vacuum equlp- k

" ment."

" 3. Classical Methods

.(a) Bacon and Fanelli (12 13) prepared sul"fur that has»a'repr'o'ducible‘ '
‘v1scos‘1ty over the whole temperature range of the. melt sulfur is boiled for -
» 48 hours together with 2% MgO. The llquld is then filtered to remove pre; .
' c1p1tated 1mpur1t1es and the whole process is repeated tw1ce
Th1s method has been Wldel}r accepted and most data reported since |
1943 have been obtamed from samples pur1f1ed in this way.. There are,how-
: ever “two drawbacks to this method. - Ffrst the material is. satur'ated with
‘ atmospherlc gases each tlme it is flltered and second an appremable amount.
: ofl magnesmm salts (205) 0.02% hydrogen sulfzde and 0 006% sulfur dlox1de
(21) are in the melt If the sulfur is vacuum dlStllled after the prehmmary

treatment both dxsadvantages are removed (180)

44
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Sulfur and sulfur1c acid are heated to 150° C, and nltrlc acid is slowly added

K over a perlod of 6 hours. The melt is then cooled and washed and heated

 UCRL-10768 Rev.

(b) Murphy,. Calbaugh and Gilchrist (205) use the followmg method

- under reﬂux w1th hehum or dry nitrogen bubbling through it, The samp'le is S

L afterwards c.ooled again and transferred into an ampvulla Water is added'and b
.‘ the ampulla is sealed under nitrogen and heated to 125°C. The last process - |
""“13 repeated three times and the sulfur is fhen outgassed at 10-mm Hg n1trogenv

' '.:'":and finally sealed in an ampulla.

 The authors indicate the testing methods used to determine the con-
. ¢

. tscentra.'tion of contaminations The above procedure yields a hlgh purity
- vmater1al on which the present values (211) of the melting pomts of sulfur are‘
"based (See Append1x). The method is, however, time consuming and ree v
} . quires,several high-purity chemicals, In addition, the concentrated acid'and : S
; __‘the Water treatments cause the formation of new compounds (172.),: ':which can'. l

_only be removed through long and careful outgassing. This method has th’ere’-v;; S

fore to be combined with vacuum distillation to give the best result,

(c) A very simple and efficient method has been developed by v.

‘vWartenb'erg ‘1(30(; 307,308). Sulfuris melted in a l,oos.ely covered roundflask
:.‘,l_'f'zand a red glowing quartz heater (® 700°C) is inserted into the melt.. A
carbon depos1t is formed on the hea.ter and should be removed dally After '
 one ‘week the flask is connected w1th a pump system and the sulfur is put |
“>.under vacuum, d1stxlled and sealed 1nto an ampulla
| : This purlflcatlon method is based uponthe following processes.. During
. the .lon_g heating time all material is brought into contact w'bith the heater. The
R _:l‘mpurities either decompose completely and form volatile products, which
. escape, or insoluble carbon, which deposits on the heater. The bubbhng of
D sulfur dioxide through the melt has been proposed to enhance the decomp051t10n ,' ‘

” "(270, 271) and to remove hydrogen sulflde. In the final vacuum drstxllat:.on




» ,--,,:f"_freferences 13 138 and 205, Several quahtatlve tests mdlcate the presenc

of 1mpur1t1es Clean sulfur is light yellow, At the melt1ng p01nt the liquid

"-,,:repr:oduced As little as 0 04% il produces black spots in the hquxd Pre-

e
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the sulfur is separated from the msoluble res1due and outgassed Th;s L

. last method seems the hest way for pur1fymg sulfur

7

Methods for a quantltatlve determmatmn of 1mpur1t1es are’ glven in -
- is p'ale yellow and=- hasia 1oWer viscosity than water., It does not.wet the glass’ C
- ;walls nor does it smell After 1t is heated the yellow color of the solxd 1s
IC1p1tat1on comes from metalsulfldes dust or 5111cosulf1des

Recently, h:.gh-punty sulfur became commer01ally ava1lable, 5 NG

' sulfur is now fau-ly cheap, and even 7 N sulfur can be purchased
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IV. ALLOTROPES | '

A. Intramolecular and Intermolecular Allotropy

. | _'
»3erzelids (32) introduced the term allotrope for the different forms
i . ! ) o

~ in which an element can exist. Several authors have since developed theories

\ . .
‘of allotropy (57, 59, 149, 177, 183, 279). Here a molecular point of view is taken

and two sources for the variety of the appearance of sulfur are distinguishea:

first, the different ways in which the atoms can combine into rhol_ecules;
' 'second, the different manner in which the molecules can build up crystals. ;f

PR

We discuss these intra- and intermolecular arrangements separately.

1. Molecular Variety

Sulfur forms rings and unbranched chains. Molecules with one to ten

atoms have been ¢bserved in sulfur vapor- (27, 28, 35, 322). In liquid sulf{.lr at -

a temperature between 159°C and the boiling point 444.6fC (186), polymer -

' chains predominate. The a.verége chain length varies between 8 and 10°

atoms (295, 296). At the melting point, the liquid is a mixture of catena-octa- -

- sulfur (Sv) and cyclo-octa-sulfur (S By x;neans of sudden cooling, all of

)\).

" the molecules mentioned can be trapped as solids, but only cyclo-octa-S, S

A

_is stable at room temperature. All others convert into the X form with a

- half-life between about a millisecond and one year.

The comparable stability of a variety of different molecules is typical 8

for sulfur. This has to do with thg electfon configuration which is similar to
that of ox&gen. " Sulfur has however a full neon shell and empty d-orbitals

_ available (214), Itis generally assumed (3, 100, 247) that sulfuz;'can éctivate

| these d-orbitals for the formation of do hybrids and dw bonds (320). This

assumption requires a break-down of the octet rule, and it is believed, for .

g -example, that in carbon disulfide both electron octet and decet configurations

- can exist. Large chains have biradical character (124, 126) and therefore

-octet structure (I), while small chains might be stabilized by resonance




(187 262)(see, however S )

L (1) \S/S\S/S\§

Some authors beheve (26), however that the promot:.on energy for a '_

decet m1ght be much larger than the energy gain through a- der bond (190)

The ionic structure (I11) has not been observed (222). : o

| As useful way to discuss the stability of the chfferent mole’clules is te' S
. compare the bond d1stance, the valence angle and the d1hedra1 angle (217)
Table 2 l1sts recent molecular data for cyclo -octa, cyclo hexa and catena-~ /
poly sulfur

The cyclo-octa molecule_ is _the most stable and‘was,., until

-recently,' assumecl to be torsion free (247). The-stability of other mo'lecules o
v can vvbe expressed through the bond strain,. but early values seem to be .too.,

' high, If one uses recent data (214) and cornputes a simple semi-empirical
MO-LCAO model (26), the torsion energy of cyclo-octa-S (S )\) is not zero,
| but is rather small, being only about half as big as that for the cyclo -hexa- S
' -(Sp}. Recent data for catena-poly sulfur and for cyclo-octa sulfur 1nd1cate )
. s1m1lar‘ values and make it probable that they are ‘both nearly torsmn free
'I‘he symmetry of cyclo octa-S (S ) is D4d.v | The molecule 1s a puckered
- ring. The top four and the bottom four atoms each lie in the corner of a square.
The two squares are parallel at a dlstanCe of 1, ‘l: A, and are. concentncally ‘

. turned against each other at an angle of 45°. The edges are 3.31 & long; the

S-S distance is 2.059 & (see Fig. 1) (84).

form a puckered ring with D

‘The open chains .'o'f'catena-poly-S' (S ‘) form helices..

- yet fully known

: dlstance is very 51m11ar to th

3d symmetry.

at in SX

The Cyclo hexa molecules (Sp )

The bond dlstance is 2,057 Ar

Their structure. is not

They probably form splrals in whlch the bond angle and bond

Many add1t10nal molecules such as




Table 2. Structural Data for S

x'
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S, and S .
p M

Formula

S. =S
X T

Name

Cyclo-octa-S;

. Cyclo-hexa-S;

Catena-poly-S;

. S-S bond length

(in A)

Valence -bond anglé :

Dihedral angle

Number of non-bonded

neighbors- 3.58

Moie cular symmetry

2.059 x.002
or 2,048

6

- 407°

4d

54

1 98.9 %£0,7

2.057 0,048

- 402.2 = 1.6

74.5 £ 2.5

12

3d

2,04

87°

2i

e e e et et e e emreien =
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! Fig.

1(a). The S molecule (cyclo-.‘,-.‘f' -
octa-S), (b) The S mdlecule:'§ '

(cyclo~hexa-S), (c)pTh_e S_ .o
molecule (catena-octa-S). *
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'cyclo-tetra 1su1fur,‘ cyclo-hepta sulfur and‘?éyclo-deca sulfur are ‘thermo--

N dynamically stable in the gas phase and have been observed (27, 28), but i
'~ these particles ‘Y‘are very unstable under normal conditions and aré ﬁot impor%lf
tant for the discussion of the properties of solid allotropes. ' :

2. Intermolecular Structure

Thé sulfur molecules exert only short-range London forcé_s.ppon
}eacix other. Sulfur therefore formé covalent crystals which have a low lattic‘e
energy. Optimum energy in such a soiid can be accomplished by vdifferlez'xt
intermolecular arrangements: each-atom can either have few but close neiéh-
bors, each giving a high individual interaction energy, or have a high number
vof neighbors'at an intermediate distance, each giving rather a lowiinteracvtion‘
eﬁergy. This ekplainé why each sulfur molecule type can exist in many'fairly
stable polymorphs. Cyclo-octa sulfur has, for example, about ten éuch pblyF )
'morphs. - It is surprising that, of the two well-known allotropes, Seé—which is
built ul; from unstable cyclo-hexa sulfur—has a higher number of close neigh-

.boring atoms than So,’ which consists of the stable S The first aliotrope

\°
has,v therefore, a higher density and a more stable lattice than the latter,
Tablie 3 shows the way in which the different allotropes can be deduced

from stdable forms..

B. Stable Allotropes
Under standard conditions, sulfur ~‘:is thermodynamically stable only
in one form as Sa. The | Sa cr*}stal is built up from cyclo-octa sulfur (S)\)
molecules. Between 95.3°C and thevr.nelting point, S(3 is stable. There are
indications that other enantiotropic forms might exist (3 11.), but no other stable
allotrope has yet been observed. This re;\riew offers 6n1y a restricted discus-
sion of stabié- allotropes, since tﬁeir éroperties-are well éurhmarized in

"~ references 138, 168, and 215, -



" Stablé Form -

Table 3. Preparation of Allotropes.'. o
' The stable allotr opes (S S_) are formed from all other forms w1th1n a time varylng frorn
=~ 0,001 sec to 1 year (See Sec 1 The unstable allotropes are here hsted cor respondmg to
thelr prepara’clon method :
Section_ Starting'Matef'iavl Main Componev_nts o Uns'tebleAllot.r‘opeé
IV.C.1 Solid Sa "~ Cyclo-octa-S (S\)  (a) Metallic-S N
v | IR SIS _ b Irradiation-S
IR Do . Orange-S .
Iv.Cc.2’ S\-solution . Cyclo-octa-S (S\) (a) Photo-S, (b) v, (€)¢,
A R , (@) 1 (e)8, (038, (@) o,
o SR | ) 600 T () X (D) ()
IV.C.3 ~  Liquid sulfur - " Cyclo-octa-S (SA) . (a) m (b) ¢, (€)p, (d)v,
‘ ' S . Catena-octa-S{Sw) (e) ¢, (f)q;
- - Catena-poly-S(Sp) o g A
- . : o ' B ‘ In latt1ce
Iv.C.4 Sulfur vapor Sx: 4 <x< 10 (a) w, (b) m (c) Yellow, a
' C e ' (d) Black, (e) Rurple, (f)Red
(g) Green, (h) Violet
Iv.cs’ Compounds  Sulfides and sulfoxy-  (a) p, (b) ¢, (c) red, (d) v, |
o S 'ac1ds as 1nte1medlates (e) e .
1V, C6 o Vapor and-solvent - - _(a) Blue, (.b)_Méroon , J '
¢ . 0‘: ¥

“In solution, =~

o < iom

S S

P

(< iom gy o

Do ol
© e gy S A
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1. Th_e S)\ Molecule -

The term S)\ was introduced by Berthelot (3_1), and it is the short

s

" ‘name for the free cyclo-octa sulfur molecule. The structure of this particle. -

. ‘l )
has been discussed above, e

L

e
e 3T L

The S, molecule is the lattice unit in the polymorphs of S . Itis alo
stable in solution and occurs in the melt and the frozen liquid, Kuester (17%)
. . ’ - v j
discovered that SX at higher temperature, is in equilibrium with Sl-*' It was

later demonstrated that Sw is formed as an intermediate in this reaction.  The

: equilibrium AT is photosensitive (316, 317) and favors at higher tempe":r-
ature Sﬂ, which is a biradical and is the rate-determining particle in free- -

" radical reécti‘ons of S The value for the homolytic ring scission is probably

X
around 30 kcal/mol. (See Table 6b). In liquid sulfur the enthalpy of the over-

"all reaction is 7 kcal/mol, but this includes secondary reactions, such ‘as the

solvation of S_n_ in S)\. In the dark and at standard temperature, the S)\ i‘ing

» .‘ can be .jbroken by ziucleovphilic attack, As little as 0,004% HZS or- 0.002% SO2
" catalyzes such reactions of Sk 'with, for example, triphenylphosphine (21). |
| X crystallizes aslthe stable Sa form
or as one of its many unstable polymorphs. The ultraviolet (UV) (17422, 54},

' If solutions are cooled or evaporated, S

infrared (IR)(46), and Raman (130) spectra of S, have only been partly

N

- ana.lyzéd, and the normal coordinate analysis is not yet complete (265, 266).

. 2. The S, Modification

Since So.' is‘the only stable sulfur modiﬁca_.tion at STP, all other |

allotropes convert ultimately into it. Broensted (46) discovered that the‘

: a .crystals contain SS(SX) molecules (241). Bﬁrwell (49) determined the
crystal structure (303, 305), which has since been reét_udiéd ;arefully(3, 5, 60,

298). The-symrnetry of the crystal is Dgﬁ -Fddd, the symmetry of the
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o 'molecule is :D‘i& and the envzronmental symmetry is C -2, One hundred

o and twenty elght ‘atoms form the unit cell The lattlce constants (210) are,

B!

o after recent measurement (58) glven w1th six significant ﬁgures

10, 44349 '

.
ra.v'-t:?ég.""‘{}f ST

9

"b"=' 1284009 A a: b: o= 0.84335 : 1: 19032
c= 24.43655 A |
The a crystals often grow along unusual surfaces for example _
3 along an axis wh1ch is parallel to the 601) face dlaaonal (92 93) There-
",. fore m1croscop1c observatlons of the crystal growth in solutlons (see IV, CZ)
often lead to the discovery of dlffe rent lookmg crystals which have been fre-
4‘ . quently mxstaken for other modifications, for example S_.
| - The meltmg pomt of S is 112 8°C, but above 95 34°C (311) the stable
-:v modlﬁ.catlon is 'Sﬁ  The transformatlon of ﬁ into a has been studled by many
, authors (106 150, 311) who reported contradlctory results (65). It seems that 3
the equlhbr:.um W1th an enthalpy AH368°K 401.7. J/g, is establlshed slowly,
'.sometimes only after a period of several weeks, In one case (65) the equlh-»
br1urn was studled on crystals packed in cellu101d fllms which were. observed .
for rn'any -znonths Many other propertles of S have been studled’ arnong
_.:these are sellfb-drffus:.on and the UV(23), IR (29 30 193) and R_aman (130)
",spec;tra.’.\' ' R ' ' o o
" 3. The »sp Modification
The'Sy crystal was_discovere‘d by Mitscherlich (201), a'nd'h;s since |

'been studied often (165 255) however there is still a mysterlous lack of
'mformatmn about th:.s allotrope (Zii) Wthh is stable in between 95.31°C and
~ the melting p01nt. It 1s-fou_nd in nature and it is formed whenever sulfur

- solutions or liquid sulfur-crystallize.'within this temperatures range. The

- .Mideal" melting ,po}intl‘of _ s 157119.3°C [compare Dufraisse et al. (87) 122.0+_0'5?~’C] .

B
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.

The liquid sulfur, however, disproportionates partly vinto S which forms a.

- self solutmn of sulfur in S)\, and this leads to a meltlng pomt depressmn

Wthh causes the "na.tura.l" (431) melting point of Sﬁ to be 114, 6°C. The steg R

Lo »iW1se dxsentanglmg of this curious behavior of the melt will be discussed to- B

_'gethe.r with S,

v

can be easily grown from boiling organic solvents:

was <_ietermmed by Burwell (49): CZh - Pzi/a' ¢

T

Big crystals of S‘3

(318). The symmetry of Sﬁ

N ; Forty-eight atoms (6 S)\ molecules})(21i1) seem to form a unit cell (220) withf"
a: b:c= 0.995 W 0.999, but the details of the structure are ndt'resolved.f"
The X- ray data (304) is not yet concluswe but it indicates that the structure

of Sa and S, are closely related, and that the Sy molecules might rotate in |

g by

' Sﬁ and that they might be centrosymmetrxcally stacked. The density of S

is between 1.96 and 1.93 gf/cm3, which indicates a looser packing of S)\

B
molecules than in Sa.

C. Unstable Allotropes
Some of the most important parametei‘s needed for describing a sulfur

~ system are the temperature of the sulfur source (T ), the formation

start
. mechanism, the preparation speed (dc/dt), the observation condltlons (Tend)’
and the age of the sample. If not indicated otherwise, the observation conditions

 giveh in the following will be standard temperature and pressure. (STP)

4. From Sa-Withoht Solvent

INew»}allotropes cen be formed from Sa by two processes:'l(a) by intra-
molecular rearrangement involving ring sciseion and leading to a lattice break-
down; and (b) by intermolecular fr.earr'angem'ent alone, with 'presefvation of
. the s)\-.:mol'eeu_.le as the lattiee unij:; Beth processes can be catalyzed by
impurities, | |
- (a) ‘Metallic sulfur: Many author‘s' hoped to pbrepare new allotropes

by applying pressures of up to 100,000 atm., but no new properties or new



' ;atm have been apphed to S samples and a low electnc res1stance was ob- R
- A S
o served Ametalhc form was proposed as bemg responsible for thxs observat1o '

(76) can break the S-S bond Thus the cyclo—octa molecules (S

R v R UCRL-10768 Rev.

’ “f'-v_\‘?fo'rms could be' observed (43) Dynamxc pressures (68 147) of up to 230, OOO S

’.‘S‘ .

P c‘s‘:

It is however still doubtful whether such-a form really exists, and what the
o structure'and pro"perties'of such' a fo'rrn should be, If: has r:ecently been in-
. )p‘dlcated (25) that sulfur melts along the shock front and that the low conductlvuy o

- could be caused by 1mpur1t1es

{b): Irrad1atlon Sulfur: ' a, p v rad1at10n (77 141) and ultraviolet hdht

)\) are cut mto

catena-octa-sulfur (Sw) or mto smal_ler‘ fragments, At STP, the recombination

rate .of all these unstable particles into Sw‘_i's. 'so high that only a few free

“radicals can be ac'cumulated, their concentration being roughly proportional

to the intensity of irradiation. Because of this statistical chain scission and

recombination equilibrium, all unstable allotropes reconvert under irradiation

quickly into S)\ which then crystallizes as Sa.. Amounts of 75 mC- of B radi-

-ation can consume small Sp"»sarnples within an hour (204). At -29°C and

below SF (_catena-poly-sulfur) is metastable (202). At these temperatures,

small chains formed through irradiation can recombine to a mixture of N

- and .S' , and at lower femperature, other sma‘ller pa'rticles become metast;able.
.'Very'few e"xp‘erimentshave so far been pe_rformed with enou'gh'iv'rradiati.o'n '
(72, 304) to, produce substantial amounts of such unstable components. If Sa

is exposed to 4OMR “of y radiativon it turns red (246); ' Pr'eliminaryv results .‘-?'n .

the electric conductivity‘ (304) and the ESR Spectra (53) are now available.
Several aufhors’ (17) use the name irradiation-sulfur as a synonym for photo-
sulfur.

" '(c) ’Orange Sulfur: I_f_rhornbic or plaStic sulfur is mixed with alumina

- and heated in the dark under Qacuum (28) an orange product is' forrned which

pu
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B '1s stable for about one day. The mass spectrum of this form is very dlfferent

" from that of other allotropes, but the X-ray pattern shows only lmes be- :

S0l
longmg yo S and alumma. It seems that alumina is, therefore an eff1c1enti-

P PA‘
catalyst for the conversmn of sulfur allotropes m the solid as well as m g
%

’ 'solutlon (20)

2. From S); in Solution

Sulfur is soluble in many organic solvents, At STP a stable solution' .~

‘contains cyclo-octa-S. (S)\). Both an increase:in concentration (adding or ;‘F

-forming more sulfur) and a reduction of the eolubility -(changing of the tem-
perature) bring about the crystallization of allotropes,all of which ¢ontain
: Sy molecules. In a rough way, we can describe the conditions for the for-

_ mation for different solids by comparing the precipvita.tion rate ({S}) With the

. rate of the lattice growth of Sa_({SJ);, We shall discuss here three conditions. -

First, whenever we have {S} < {Sa} the a modification is expected to

- " -crystallize. The higher the difference is between the two gradients, the bigger‘- ’

is the resulting alpha crystal. Second, in the extreme case, when we have .

5 S {s}>» {Sa}," no crystals form, and fhe_ sulfur precipitates in amorphous form.

Third, if we have {S} = {éa}, orystals nucleate in many placee and in e
;yariety of structures wherever some kind of lattice energy can be gained.
- Therefore, the crystal growth is i“rregular, and does not discriminate against
:‘unstable syrnmetries such as S  for exe:rnple. All methodS'for the prepara-
tion of unstable crystalline allotropes are airﬁed at realizing case three.

' The change in [S] and [éa] is generally brought about by changing concen-

" - trations, miixing solutions, or varymg the temperature Since the con-
' "centratxon changes during the crystalhzatlon many dlfferent allotropes are
formed sxmultaneously. ‘The s_ys’cemvs in which unstable allotropes are_pre-%_

pared_are, therefore, -_‘vhighl.y unequilibrated and it is not astonishing that the
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.’t‘v‘v.preparatmn process is hard to duphcate or unreproduC1ble Often rubber
or solutlons of:other hlghly viscous mater1als are mixed W1t_h the ’.‘solution _ é_‘

s S : : . R
= contammg the allotrope to increase the v1sc031ty This trick reduc':es the

R

": diffusion, makes locally high concentratlon gradients possxble and stlmulates. '

A -,l
N

aenergy galns through the: formatlon of unstable 1att1ces in 1solated pockets

" ’I‘he l1fet1me of the_unstable crystals can be qulte highin such solut;.q_ns

“but they eventually dissolve in favor of the growth of neighbor nuclei with
_higher stability, and finally convert into S . Many studies of crystallization

) in sulfur solut1ons have been made under a microscope (48, 156, 169, i
"-90 99 170 174, 163) A great number of allotropes have been reported but
_generally, only thelr crystal shape their behavior toward polarized light,

thelr relatlve refractlve 1ndex ~and thexr relative stability can be measured

It has been repeatedly pomted out that often not enough information is ava1lable

to asc_ertain the existence of new allotropes, and that many "new!" fo__rrns might

.

s®

“only be S crYstalliZed along an unusual lattice face (92, 93, 237)'" “The follow -

" "vf“-lng sta.b111ty order (138) for some polymorphs of S has been ngen

a>p >y >z;>n >§>)/Q’> °0>7T>X% (see Table 4)
b :

) (a) Photo-Sulfur Lallemand (179) dlscovered that sulfur solutlons

become cloudy 1f they are enposed to hght Such suSpensmns (87, 241) of
insoluble sulfur in a sulfur solutlon are called photosulfur ngand (3 16, 317)?
: rnade an extens:.ve study of the photosenslt1v1ty of allotroplc forms and deter-

mined thermal data Wfth a calorlmeter, but his _r_esults have been overlooked

. andAmost wvork‘ _sinc'e :does not take into account the important.influence of_' .

: ‘light on systems contain'inglsulf_ur. i"I_‘he composition and structure of photo-

i sulfur is not- known,:v('l?, 22), but it was found that it is more reactive than' S, -

| and t‘hat'»it is pr"obably a rnifcture. ‘Recently j studies of the influence of li'_ght.

—on the formation of different allotropes indicate that the 88 ring breaksunder
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Table 4, Polymorphs of the Various Sulfur
: Molecules. -
_Molc;;cule ‘ L Polymorphs - :
Cyclo-octa=-sulfur (A) a, B,v, 8, 0,m, N, 39, o,T, ¥
Catena-octa-sulfur () None o -, - _

Cycio.-—hexa-sulfur (p) S S€

Catena-poly=-sulfur () A Amorphdus: Y, 6,4, @, n.

Threads: m, v
'Mixture, multicomponent ¢, 4, black, green, red,
forms - purple, photo, in, Brauns,
' ‘ ‘ red, ¢ ‘

a : . . .
" “Polymorphs in a free sense: they contain the same molecular species
in a similar concentration, : ’

LT SEEC
L ost
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the vi‘nﬂuenc:e of light (76, 94, 95). The resulting biradical t_hen attacks other .~

" rings and initiates other secondary reactions, in which the SOlvent-'is fre'-
: g¢ , ry 1 . .

. quéntlY’inVolvéd -For the formation of photo‘su‘lfur': )\ in CCl is expose‘d"

U lto sunhght (110) or better to the hght of an uv lamp, such as a mercury -'% P
pressure arc.” M_any authors report that the format1on of photo sulfur is™ &.°

. reversible, but alcoholic photo sulfur, for example, smells..from hydrogen Fe |

t'.sulﬁde The photochemlstry of sulfur is a neglected ﬁeld and very 11ttle 1s £

. that the catalytic action of hydrogen sulfide (21) and other secondar-y mol~

yet knOWn about the effect of light on solut1ons and on allotropes It_seems_

f

~ecules is responsible‘for many reactions of photo_sulfur.- A réport on the

: x=-ray pattern (95) purports that the structure is similar to that of S .

| ~ (b) y-Sulfur. This allotropes was discovered by prca (286) and

Gernez (134-136). These brilliantly glittering crystals (251), which grow

" in thin sheets (254), are also called ‘mother-of-pearl and nacreus sulfur,

The crystal symmetry is probably CZh’ with the eight cyclo_—octa molecules |

stacked in a '"'sheared penny roll” (145) formation; however, details are not
yet known The lattlce constants .are reported as (82,’145,210;291):'.;

B

oo
Hl

- R ., = 8.57 (275).
~a: b: ¢ = 0.658 :1: 0632  b=13.02

8.23
Older data (145 146) Seem incorrect. ‘The melting noint of this allotrope

is 106 8 C the densn:y is 2. 041 g/cm . This modification is unstable under |

- .normal conditions, but the crystals can -eki_st for years if inbedded in a rubber

-~ solution, - and they can withstand 40 hours of x-ray examination.  The a crystals

~ catalyze their transformation and can reduce the lifetime of the y-form to

i/2 min (152)‘. Above 75°C, B-sulfuris formed quickly. K The transformation

' "'rate has been stuched and the possibility of enantlotroplc ‘transformation

——p =¥V has been pointed out (149-154).

-

&
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wells (290) and as Rosickyit mineral (267). y-sulfur was proposed as a coms

- ponent in plastid sulfur, The y-allotrope can be prepared through conden- *,
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According to several reports, y-crystals have been found in oil.

2
H

i'f'

" sation of vapor, from an undercooled melt at 90°C (314), from an undercooled

: solutlon of sulfur in benzene, toluene or ethylalcohol by evaporating an al- ;

coholic solution of sulfur at 70°C (206, 211), and spontaneously from o-sulfur,

{

Also, y-sulfur can be obtained during the production of the element from

compounds if saturated solutions of potassium sulfate and sodium thiosulfate
4
. §
are carefully combined and diffuse slowly into each other, if ammonium

polysulfide in an alcoholic solution is oxidized slowly in air, and if precip-

itated sulfur is dissolved in a mixture of aicphol, and if carbon disulfide is

slowly evaporated at room temperature.
o

(c) {-sulfur. Korinth (469-471) found reddish-brown monoclinic (?)

_crystals of {-sulfur that are stable for about half a day. The {-sulfur is -

less stable than y, but more stable than Sg. The Sg allotrope crystallizes

“togethei‘_with Sg and spontaneously forms Sg. It is formed in the presence

of selenium from carbon disulfide and chloroform solutions, preferably in a

_ mixture with/a rubber solution. Th_is' form is very similar to a crystals grow- -
' _ ing along unusual faces (93, 94). The existence of this form has not yet been

A concluswely shown, and the crystals could be due to an impurity.

(d) m sulfur. Korinth (169) observed monoclinic (?) crystals of | Sn'

during the preparation of & “sulfur from rubber solutions containing sulfur

and selenium. The experiments have been reproduced. This form has a

lifetime of 10 minutes (91). It is an isomorph of Se. The data on this modi- "

~ fication are inconclusive. Both an impurity and a coprecipitation of selenium

' é.ﬁd sulfur coﬁld be responsible f_o:'the formatibri of $uch crystals.
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(e) 5 sulfur. . Muthmann (206) hsted SS as the fourth sulfur allo- -

v'."‘“’trope (171) The crystals have been stuched frequently (99 156 278 2.90) »but

this form is very unstable and has not yet been concluswely descnbed It
:‘-v';_'lcould be 1dent1ca1 w1th one component of " Brauns“ sulfur o 7 . _
- The symmetry of th1s form is elther Cs; or C The crystals "
can be prepared in mixture W1th S and SY by ox1d1zmg an alcohohc am---”"
* . monium polysulﬁde solutzon at < 15°C in the open air. This preparatxon
' ‘1s similar to the preparation of the y -form, and only about 1 in 1000 expers- |
“iments leads to the formation of 6 - - - | ;
The crystals cantr.ansfo‘rm into v, lj.,., B, or ‘o sulfur. -
(f) S)ﬂ ' SI% was first oBserved by K'o'rinth'(169). -Y,This' ellotrope‘v'
was recently restudled (92). It:crystalli.zes together with SYl from. ‘a 'noti
' too concentrated bo1lmg solution of fenchenon, ‘a-pinene a.nd nitrobenzene;
its preparationv‘ is somewhat naphazard., The yxeld is enhanced by the presence
. | of a soxlutionbof raner in carbon drSuifide The dltetracronal blpyramlds (169)
'havearatio a:b =1 ‘0.4.68. The crystals are unstable and dissolve after

‘less'_than one xninute' then '_S'\/, S.. and fmally S are formed.

B’
(g) S K Erﬁmetsa (93) observed the formatmn of a new Crystal when
ﬁ-Asolut:Lons of 35 were evaporated ‘ This form is characterized by an extremely
 low refractlve mdex It conyerts.w1th1n seconds into | SY'r ‘and .1s tne_ rnost un-
| stable polymorph known ' | | . _ | | _. '
| (h). Sg. Kormth (169) descr.lbed rnonochmc spirals, Which he called
sz> . Tnis f_orm is either extremely unstable or does not exz'.st.- It might be
identical with triclinic sulfur,
| (1) S '. vS' crystallizes in about 1 out of 1000 ekperiments if sulfur
solut1ons of orthoxylol or menthenon are boiled. Thls form consists of cubic

' crystals Wthh can exist for several hourS‘ (97)5

&
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'this form as a mixture of Sé and S

‘that they appear to be black in transmission and white in refraction.  This
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(j) Brauns Sulfur (41). Gernez (133) and Qumcke (240) 1dent1f1ed |

¢ ° . . . 3‘4" '
i

‘ (k) S - "‘*\ Henke1(169) discovered this feirly stable monoclinic' allo-

trope. The best yield is reported when a sulfur solution of orthoxylol at the

: "_, boiling pomt is saturated (91). The crystals have such a high re{fractmon»md‘e,x o

i
i

" allotrope is more stable than Sy' The report that S occurs in trapped . |
liquid sulfur (125, 236), has been corrected. The name was used for a mix:éure

" of a+vy.

(1) S,. This name was recently used for a new allotrope which is

¢

' similar to S; (92), but much more stable, It has been prepared from

a-pinene solutions at a temperatnre of 8°C and has an unusually low reﬁrac,ti‘.v.e:

i
v}

" index. -

(m) S . A crystal precipitated from an a-pinene solutzon has been

b
called - S¢ (92). It's refractive index is lower than that of the solutzon Both

'S, and SLIJ are difficult to prepare and it is not cléar whether they represéentnew

$

-.allotropes.

‘3. From Liquid Sulfur

The composition of 11qu1d sulfur is comphcated We do not intend to

- present here a complete survey, but give only the data necessary for the

understanding of the sohd. " References for the liquid phase are listed in the «

"Appendix (see also\ references 164, 232, 234, 257, and 258)." At the 'meltin_g

point, cyclo-octa -sulfur is in equilibrium with catena-octa-sulfur Sw , Which

then polymerizes with S )\, into unbranched chains (SP.). At 159°C (273) the

' polyrnerization increases 50 sharply that SIJ-" which had been a solvate,

suddenly becomes the solvent.  Most properties of the melt have a strong dis "

continuity at thlS temperature Only the color (122, 181) does not follow this

‘trend but 1nstead changes smoothly from a pale yellow at the meltmg point to

a dark, deep red'(i64) at the boiling point, The molecular variety of liquid
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' sulfur has been repeatedly dzscussed (277) and the v1scosmty (12 13, 103, 104)

the specxflc heat (38, 108 184, 313), and the heat conductlvxty and dens1ty 'l"*a_@ __ '_

- (165, 309)-have been measured. 'Several‘authors (101 229) have explamed the' '

r..'

polymenzatzon process which was recently formulated in a very S1mp1e and '

precxse manner (88 159 160, 295 296) The heat of polymer1zat1on for -S ijs,' -

©.3.47 kecal (AaS° = 4,63 eu) and the energy requlred for the cham 501551on(160
164) is 3_2.8 kcal, (AS° = 23 eu (296) . The free»rachcal nature of long, open k'
sulfur c'hains was poxnted out (-200), and later confirmed with the help of ESR
(124, 126) equipment and a Faradayl ‘balance‘.(226). ‘Table 5 gives a comparison
of ESR oata for several allotropes. » The average chain lengthvaries'between'
' 158°C and 404°C from 8 t0-5><‘1705 atoms. -.Statistical and other argum'ents
" make (mijthé_ecéﬁfremé of macro.-ri'ngs. (1745, 187) in the”mel.t improbable.
" The prop‘erties of the m.elt are extremely sensit'ive to imvpuritie,s. The v’is-
-cosity, for _‘example,itis“ changed b_y'very smali~ amounts of trivalent elements
) .and‘by“the‘ _electri'c..conductivity, which is the»'sum of two terms, _. these being
: .'the 'electronic c'onciuctiv'ity of t.he "liquid-elernent and the ellectrophorecvtic.co:r-
ductivity caused by (sulfxde) 1mpur1t1es » |
b 'I‘he structure of the 11qu1d has been studied by several investigators
(437, 175, 232, 234, 260, 29_3). The bond length in the chams between the sulfur :
= atoms seems;to be slightlv sma_ller (2,'0-7 A):than’in'solid'sampl'e‘sv.b At low
: temperatures,i the melt pOSsibh-'}‘ShOWs 'some structnre .similarvto SY More
bd'ata_ are :ne'cess_ary, however before we have a concluswe plcture of the
composition‘of liq'nid sulfur. It seems, Qfor example, that a fourth component
has to be assumed to exp1a1n the color effect
'I‘able 6 contams some recent thermal ‘data for the melt and other -

allotropes. .
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" Table 5. Survey of ESR Studies
i Materié.l Studied g-value Band-width Spinconcéntfation " Ref,
R - ' - ' - (G) per mol '
Liquid ©2,024£0,002  40-60 1073 at 300°C (124-126)
: ' . : (increased by 2,10 : kY
from 490 to 375°C)
 Plastic - 2.0044 9.5 1073 (224)
| : ~2,0 ' o
Son A1203 _ ~4 (28) !
Green | 201080007 B82tTEK 54072 (51, 52)
¢ o : - 2.2at-78°C (six components) !
 Blue 2,025 (53)
- four com- .
ponents '-
Purple 12,020 8.8 - (245)
. Black or dirt © 2,010 7 - (124-126)
. (see 256) . )
. Free electron 2,0023
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Table 6. Thefmal Data. .

' * S - T Speéiﬁc Heat

_ e om0, o v .  0> SR
T =298.16°K A.-Cp' (cal/deg"g-at> 5 (cal/deg-g-at) A F(kcal/g-at). Reference

o. (s) | -‘ 54 762 | e R CIC T
‘ B (s) 5 65 - 7.78 : 0. 009 o (311) o
. aLt(g) _, 566 a0t s, 117 ”'_':;.({80)1;,,: SR
'Sz @ »..‘  \. "7.}7»6'-,' } g 545 30285#20..{5 (_180;-). I

2 35.95°C: 512688 ¥ o.boeazm' 2 8.164%107% T2 (Re'f'.'lv'?:ii).- S
0 P 101 115 C: 5.2630 + o 006857'1‘ E 0. 08039/(115 176 4 ) (Ret. 311) |

-Note C decreases from 95 101 C (Ref 3'11)
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%4 g-at S=32.066g

~
~

»DO(SZ)

K = (v ) = L.437 X 10> exp (-16520/T) -

OK,s (M (y = 10-43 gxp(-is%/T)
4.4 eV (27, 42)

This selection of recent values differs considerably from older selections
(ref. 245, p. 852). : ' '

ui b. Transitions :
Transitions CT(°K) AH BS(agatodeg) | Refereng
o, B 368.46£0,04  0.096 kcal/g-at? © 0.2614£0,002 (341) ¢
S g2  374.2 0.000383 keal/gat  7.93 | ' S
~ "a-subl, A . 368.5 3.04 kcal/g-at . 8.47 (34) l
R-subl, \. 368.5 2.92 kcal/g-at 7.93
€ p 300 4.02 keal/g-at 8.38 - (30)
Fusion o, X . 383 - 0.507 kcal/g-at |
Fusion B, \  388.33 0.410, 5kcal/g-at - 0.75 (341)
| a3z 4.1° kcal/g-at 2.88 (295, 296)
. Polymer. Amp 442.8 1 0.396° keal/g-at  0.58 - (295, 296) -
Vap. M A 444.6000°C 2.5 kcal/g-at 3.5 ' L
7/8 8\, 8, 400°K. 5.7 kcal/mol o (27) °
3/48\ 8, 400 - 6.2 kecal/mol (27)
. 5/8 8\, Sy 400 14.3 kcal/mol ‘ (27)
© o 4/2 8\, Sy 400 20.5 kcal/mol (27).
, __"3/8 S\, S, 400 22.5 kcal/mol (27)
~1/4 S\, s, 400 - 23,5 kecal/mol (27)
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(c) 'I‘rlple pbints ('.2\‘15)

. (e) Bond strength (D ‘s,

()

(3) B, l1qu;d, vapor",.;"-»

o (4) e, B,vaper - %
(2) 'a, l1qu1d vapor ’

(4) a, B, liquid

o b
i

Y
L ER 100°-

= 112.8°C (ideal)
= 119 (natural mp)
114 (1dea1 mp)
106.8

m: 3 «0 subhmatlon (’)

112.78_ T

LR 4520 -

(d) Melting points (138, 215) .

B01hng po1nt STP: 444 6000 C (186)

2

H Sup ﬁo sté_
2C12 - a
S8

A

_ S-S stretch fre que.ncy_‘_'__’

= 102 4 kcal)

- _"'63 2Xn kcal
kcal
‘64 - Keal.

64,4

440 to 550 cm
| o

680 e

95.31°C(311),

: :.0.00.376‘ mm Hg R
.. 0,043 mm Hg .
0.0 iSImm Hgv

1400 atm T

~

R ~

Reference :

—_(_0—""§9 231)

(247)

- (215)

) Reference
- (187)
- (207) .

Rl NG, T
e
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‘ varymg yxelds i dependmg upon the original temperature (T
‘ : the cooling (d'I‘/dt), and the observation conchtlons (T ), but the solid alwaysé‘“ '
‘contains three fractlons (2) a crystalline part which consrsts of S ‘or its

' polymorphs, (b) an active species which will be called S‘rr’ and (c)a CS

some fraction of it as a definable system. So little data are given for this ! -

. . 39
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From l1qu1d sulfur, dlfferent solid allotropes can be formed with

sh the speed of

WL L x’

e,

2

insoluble polymer." The composition of this polymer is complicated and

“reg e B _'“"‘7.

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

fraction, generally, that one cannot compare results reported by different’

groups., Regardless of the nomenclature used in the orlgmal paper, we wrll

choose the name S“ for this plastic CSZelnsoluble polymer Whmh is RN

obtained if viscous liquid sulfur is quehched The rigid CS ~-insoluble poly-

mer, which is prepared by condensmg sulfur vapor, will be called S

In dlscussmg the products, we distinguish between samples obtained by one

‘of three different methods.. First, slow cooling leads to pure B and a sulfur,

regardless of the temperature of the liquid. Second, if the hot liquid is poured
into water, S_, S, S,, and S are formed. -The S§_ converts within three

17 TN a ) L :
days into Sd and SP-’ but the ‘SHv converts only slowly ‘into a, and its con-

centration, therefore, goes through a maximum after about three days (see S_r).
. : ter ak 2,

" Third, if the liquid sulfur contains only' S)\ and Sn'- (below 158°C), the quenched

sample crystallizes mainly to S “and S is formed only in a secondary re-
action through the polymerization of S . Other particles might exist, but

have not yet been observed in these solids; it is very hard to isolate small

‘species, such as that which .might cause the red color, because the heat ca-

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

‘at 20°K does not give a high enough temperature gradient for trapping such . .

| particles. The trapping of highly reactive small molecules from the vapor
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will be 'dis'”c'usse'd'- in the next‘.chapter. ' v,'I_‘he following section deals with four g
- allotropes prepared from the melt: S)\ , S , SH' and S
(a)” STr' i Gernez (132) dlscovered that the meltlng p01nt of sulfur

(

’ changes durmg the meltmg process. The slow decrease (272) from the 1deal
. ¢ =

i meltmg point at 11‘9 3 C to the natural melting point at 144.5°C has been

»'exPlamed by proposmg the formatlon of a new unknown component whlch dis- ',: o

'solvesin the liquid and thus causes a melting point depression. Aten (7-40) , -

‘called this particle S'n' (24), a name which had been used before (191, 192)
tor a diff_erent allotrope. Above ,15‘990 a third component (274), ‘catena-poly.-r
;sulfur (177) becomes important If liquid sulfur is quenched in cold water,

SF is always present regardless of whether the lquId was orlglnally hotter or.
cooler than 158° C. Th1svwas first taken as a pro:of for SW‘ and Sp‘tbelng’ -
identlcal.ﬂ . Molecular weight (39, 40, 228, 260, 2614) calculations, however, uslng
_the melting point depression and the concentration of SP- in’'the solid, vin:dicated
that a much smaller partlcle had to be present in the liquid (24) which then on
-cooling could poss:.bly polymerlze 1nto SH. The SP- concentratlon (the CSZ- :

1nsoluble fractlon in a frozen melt) first increases and goes through a makximum

- (258), after about three days. The S, with a lifetime of roughly one day, ob- o

. viously. Iéa’rtl? ' Po.l‘sfrne.riZe s 1nto SH’ whlchthen converts: into- FSO_ with a much
h'ig'he.r lifetime, perhapsl’sir{ months | | |

| Ifdlicluid'sulfur is quenched'to“-7‘l8°.Cx3 some of.the S_ can be isolated.
' The S, is soluble in CS, ‘
insoluble, but S is soluble in CS at -78°C. From the deep yellow S

at-room temperature but not at -78°C; SP- is CS,

| solutlon Erametsa (97) separated (with the help of chromatography) four com—

f"ponents w1th dlfferent molecular welfrhts I—hs results are, however not qulte

o ‘concluswe, since it ‘has been shown that the column material, - alurnma,catalyzes

the conversion of allotropes. " Schenk (262) could not repeat the separation of
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1»the S fr_aétioif;, but he used the method of Bartlett (17) to independently
titrate different allotropes in a mixture; he discovered that the '1iqu‘i<‘i content
| 1s 5.5% w at the Emp (264), but that in the frozen melt only 609% of the Sﬂ, Y
- molecules polyme"‘rized, while the other 40% reconﬁbined directly to S)\.
' Using‘th‘is observation to recalculate the molecular weight of S_, he came
to the-conclusion that this molecule is catena-octa sulfur. : ‘»»g
In this review the name S_n_ is adopted for the catena-octa.' sulfur, in

- contrast to earlier authors who used this name for a product obtained by
several preparation methods (23,0){ There remain, however, several un-

explained facts about this particle, A model that accurately describes the

' viscosity of the melt over the whole temperature range assumes that Sw_is

A

concentration is calculated at the melting point to be undetectably small, but

very unstable and polymerizes with S, to polymer chains (295). The ‘S-m o
Schenk (261, 262) obtains 5,5% S“_ from measurements of the soluble part in
the soli&' and the 1v'nelting point depression. ESR measurements ('126) indicate

" a very low free spin concentration atAthe temperature mentioned above, but

* this can be interpreted either as an ibndicatiOn that there is only very little -
Sﬂ_, or 'tha.t the S'n' has strong resona.hce stabilization of the chain. Such a
resonance stabilization has been earlier a‘ss‘umed for small moleculeé (187).

(b) SL. A fraction of Sn_ has been séparated with thé help of chroma-
tography (97). Part of the dry S“ZJ fractiqn turns into a white solid which is
very similar to Sw but which supposedly has a different x-ray diffraction
pattern. This form is not CS‘2 soluble :and was called SL (97).

(g) SH' If liquid sulfur, a complex mixture of allotropes, is poured
into ice water or cooled to -78°C, an astonishingly homogeneoué product is
obtained ("133). The reason for this is that most particles in liquid sulfur be-

"comev so highly unst_able" when cooled that they convert immediately into the
stable alpha form or the ca‘r_.ena-pol? form, SP-' which, under such csnditions

"has a relatively high lifetime. The fading of the red color of the melt to a
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= w}nte yellow in the sohd demonstrates 1n a vxsxble way thls recombmatlon B

T of rea.ctlve part1cles If a frozen melt is washed with CS the stable alpha« ; "

" sulfur and the S dlssolve and an msoluble part remains- (73 148) " Both the
- viscous l1qu1d sulfur and the carbon disulfide- msoluble sohd (125, 178) are

‘called S“. The ?y.t;eld and the structure of SH depend upon the comp_051t10n

dT)
dt

the temperature at which the ‘material is collec’:'ted' (Tend); the age of the un-, -

~ .of the liquid (T .), the speed with which the quenching is performed (

st_art

stable mod1f1cat10n and the pur lty' of the sulfur. E).perlments are qulte

.1

. commonly performed W1th 1nsuff1c1ently defmed llqllld sulfur systems Many'

“authors, overwhelmed by the importance of one parameter, neglect others.

One author for example can obtain plastic' sulfur only from commercial samples, v

pure'_samples giving ex\clusive-ly‘ S.a(2'56),While in another group pure s’ul_fur'

always lea‘ds to 100% SF, ‘with crude samples giving upfohO% of it. !
The .SH canjalso be prepared by slowly hydrolizing disulfur dichloride,

or by acidifying an aqueous thiosulfate solution. The mechanism of both re-
actions is discussed toge,ther with th'e folrmation of Sp . The .Su is unstable - .
at roo_m temperature. .The' transformation rate into Sa depends up_on the t.em-‘
_perature, pres'sure,' or stretching,' and impurities.d' | Light (61) and the presence

_ 'o‘f S are belier/ed to-catalyae'the covnvervsion into the stable form, | The pres'-
ence of - O 04% oil, or 0. 1% 1odme and trivalent contammatmns such as

' 'mtrogen or phosphorous can stabilize (289.) plastlc sulfur over a lonc period

. _' of tlme. . Pure samples have ‘been reponed»to be metastable below -29°C (»202)

and can exist at room temperature for over a year. The exposure to ultraviolet

llig_ht or to alpha; beta, or gamma radiation enh'ances fhe transformatlon by 'l

breakingl;long _chains_‘ (204) ."- The _s_amples'v do not convert completely into the

v valpha form, but reach an equilibr_ium eomposition‘, ‘where the scission and

formation of chains and rings are in balancej (.see irradiation sulfur). ‘

. ‘ .42”“ ;
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“The x-ray diagram (293, 297, 298) of SP- looks very similar to that vof

' S,. Alpha impurities have therefore been held responsible for the observed .

B

patterns, since thé x-ray method does not strongly discriminate against dif-t
‘ferent components or contaminations. Another interpretation proposes a
. similar structure for S(1 and SH' but seems to be wrong (223) (see Sq.. ).

'~ Some authors believe that SH is amorphous, some think it is a glass, and

o+

. others report that it has a well-developed structure. It is possible that the .
chains are so long that crystalline and amorphous zones can exist at the s>arr}"e
“time ifx different parts of one molec.ule, as is observed in organic polymers:”j
.Most prqbably the cv:hains‘ are curled and form long helices. The molecules
seem to bevl.aleld together by‘ statistical cohesion, This éohesién 'énei‘gy is
“ofte‘n quite big for polymers and can explain the rélatiQe stability of the SP—
form. The structure of Sp. is not yet completely known, but it is possibly
similar to the structﬁre of stretched sulfur, which will be discussed with qu .
bgtgiled discussions about SH havé been published (99, 21.8, 259, 273-271,
A 283-285):. The terms oy and My have been proposed for'thej soft and the hard‘
fractions of plastic sulfur, aﬁd many other names are in use for various plastic -
‘proauct‘s, but this does not help much in identifying the components of the mix-
 ture. | |
T (d) s isa shorthand name for SH (96-98).
| (e) S¢. Von Weimann (309) discov§red that plastic sulfur samples pb-

“tained by chilling 1iciuid sulfur from above 250°C assume new properties if
they,are'stretched_ : This material was studied by several groups (67, 199, 298, .
‘2.35) with the help of x-rays. | Neﬁberger 210 found the éymmetry fjo.be' Cih'
Pauling (217) proposed a helical structure, similar to that of selenium, with

1412 atoms .in thé unit cell. Prins .énd co-workers (232-237, 258) have «devoted:

many investigations to this form. They found that it consists of two different

components, namely Snp and’ Sy' This discovery devaluated much of the earlier



- . the concentration of smaller-particles increases-rapidlvaith-increamng
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"~ work '('199,. 298) The present descrlptlon (237)1is based upon long sulfur .

khehces that are packed together rerrularly wrth crystals of S wh1ch seems L '

. to be formed durmg the stretchmg The c-axis of the gamma crystals is as-li

~sumed to be parallel to the flber The So can be stored for several years R

(£) «.S The name S is used for three d1fferent sulfur forms. Her%‘.

. go o T 2 , e
it is mentioned only that SLp'is often taken as a synonym for ‘S¢, but that . - ?
" Neumann (21'1) introduced the term Sq; for the crystalline part of S¢. e : ‘_‘ 'b

Prins and coworkers (236) deswnate Wlth SLlJ the flbrous part of S Y
This is the reverse.of v‘Neum'ann"s terminology. " The symmetry of the fiber b
- is CZh' the same as that of Scp A closed packed hehcal-st_ructure with a
concentric arrangement has been proposed (249, 222, 223), ..a.naloaous to an
. alpha sulfur‘ structure, V'Ifhis pfo‘po_sal, however is not convmcmg smce the '7 :

alpha structure ment‘ioned is incorrect. | The. best present model (83 235 238,

v 249, 250 257, 258) assumes long helices contalnmg 3- 1/3 atoms per turn .The
o ,bunlt cell ‘then co*rtalns 10 atoms a and b are 4.7 A, and ¢ is 13,7 A, A-_ L

possible superstructure g1vmg the umt cell a length of 69 A has recently been

mentloned (237). , Detarls of the Sx,b structure are not yet known
o

4, From the Vapor Phase"

At’the‘natural boiling point, sulfur vapor con51sts mamly of 58’ but

X :
temperature and decreasing pressure. Mass spectroscopic data (27, 28)
indicates the presence of at least 10 different molecular species in the vapor.

~ Staudinger (28?8) recognized the possibility of trapping small molecules such

as .S2 from hot vapor, but Rice (242, 243) was the f_irvst to obserye frozen
unstable particles. The solids obtained by cooling equilibrium vapor have a - ‘.

very complex composition.  The vapor phase generally contains several



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

when he trapped vapor with a hlgh S
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- - different molecules in comparable concentrations. On condensation, these

. o ‘ . . § Loy
different species are partly trapped and partly recombine into new moleculess -
‘ : : }?
S

molecules. Such'recombination reactions occur even under extreme trappingg;.

conditions, for eﬁcémple, if a molecﬁlar beam  of hot mé.ief.iél is slowly con-

densed on a w#ll which is kept at K. The reason for this is partly the high

z"eactivit‘yvof smalllmolecules and partly the local warming which occurs durifhg _

the heat Adissipation from condensing molecules through the frozen solid. Rifi;e |
L

observed green (242) sohds when he condensed S)\ vapor, and a blue (243) gla;ss |

> concentration, Several workers have !

| repeated tvh'ese and similar experiments and obtained different deeply colored

" samples. Many of the observations are contradictory and irreproducible be-

cause of insufficient definition of the conditions during the preparation of these
multicomponent systems. Some experiments (194-198) performed under well-

defined conditions have led to the identification of S2 in the solid, The same

'~ molecules have been trapped and studied in different rare gas matrices, but

very little data is yet available about these solids which can show absorption

. spectra with'well-developed structure similar to the spectra of the free mol

_ecules in the gas phase. The relative yields of metastable or unstable radicals

.

depends on the deposition speed {S}, the temperature of the cold wall (Tg)

. and the vapor composition (Tg). The concentration of unstable particles is

ts

' roughly proportional to TG}

E
Despite their complicated composition, most colored forms have a

sharply defined stability range which is listed in Table 7. These multicom-
ponent solid self-solutions are metastable and monotr0pic, i.e:, they do not
convert into a less stable form by cooling.

" The relative stability of such colored products obtained from molecular
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Table 7. ! Stability Ranges of Defined Colored Allotropes (498). |,

Y ok
¢
i

© Sulfur Preparatvi‘on " Observed T Color Identifievd'_‘,';

" concentration’ temperature: stability range - ~ species 7

(°K) ____(K)

35 35

<0.3% .  4- 45 = 4<T<45  Maroon 290%S,

50 50

A, Kr, Xe’

Oor none

20.5% 45 - 60 4<T<60C  Violet = S, + ?

| ‘A,' Kr, Xe

- Oor none -

>4% ' 60'-470  4<T<170 = Green S, + ?

None

400% - 170-240(?) 4< T<240  Yellow, 'sp+'s +2




e rf e ey R T T e I G I I e L e

47
UCRL-10768 Rev.

beams of S, in decreasing order is: a>plastic>yellow>green> purple.

2

First Sa and Sm are discussed. They are obtained from the subli-
mation of .sulfur"g‘tnder atmospheric pressure. Later on, the colored conden~, -

sation products are described. They are obtained from the vapor under redu“g:eld

. ok b2
' pressure, 4

R e

(a) Su. S(o is here defined as the carbon disulfide insoluble part of

sublimated sulfur. Because of its color, Sw is also called ''white sulfur'
. R ¥
(62). This modification is similar to the commercial form "crystex" and /

3

""super-sublimation' sulfur‘(ZZi) and is not a well-defined allotropes. Its \
p.ropertigs have been carefully studied and it was found that it is stable for
~more than a year- at STP and for 36 hours.at 8§°C (63, 64, 67). .Bases, such
as NH3, catalyze the conversion of this férm into Sa(259)_v The"dens'ityl'liég in
between 1.834 and 41.95 g/cm3. |
The x-ray data are‘failjl')} similar to those of SP- and Sa (66,99). This
was explained by the presence of Sa impurities on the crystal surface (65),' v
| .'but other authofs fhink' that Sw is a mixture of different forms, partly polymers,
~ partly crystallites, or that Sw is identical with SP’ or that Sw is built up from |
. Sé, of which three molecules form a unit cell (228).
Another structure with 104 oriented chains in a particle was proposed,
but the evidence is not conclusive (221). More work is needed.b.efore a finai
" answer caﬁ be expected, -and it is so far not even clear whether Sw iS a pure
modification, or whether it contains compc;nents identical with S o
" The S(; can be prepared by different methods, and each method léads :
to a so}newhat different form and yield of this rather vaguely defined allotrope
(1114, 228, 236). The best yield of Sw is obtain'éc_l if sulfu'r‘f‘lower.; are sublimed
'(33, iOZ)I.W Other procedureskinclude the hydrolysis of disulfur dichloride with

'water, the reaction of hydrogen sulfide with sulfur dioxide, and the reaction of
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:}}polysulﬁde with dlsulfur dlCthI’lde Wlth Water and the reactlon of polysulflde R

: W1th dlsulfur dlchlorlde

" (b) S ‘ S was 1solated from the- cnstlllatron products of S or

A

'through chromatography of red sulfur (98) | The S has so far been

. characterized only by its x- ray dragl am (95) The 1att1ce ratios are estlmated o

b

 to be a:bic = 0.672; 1 :0.064. This allotrope is said ..to subhmate under .
dry rxitroge"'n. | |

- (c) Yellow sulfur. 'Ifihot sulfur vapor is condensed under reduced_ cL

' . pressure on a cold surface at < - 7'8‘;C', the solidis most probably abmixture

B and is deep yellow (194 196) It contains a hidh conc'entra'tion of. S All low-=
temperature forms convert rnonotroprcally into thls yellow forrn'at -100°C.
(d) Black sulfur ‘Black sulfur has been observed in condensed v_apors
(259) of S2 It seems to be‘s:L.mllar ‘to v1olet sulfur This'name is also.used lv
for the black dep051t whlch forms durlno the purlflcatlon of elemental sulfur )

; © with the method of von Wartenberg Thls black materlal has been descrlbed

‘ v (27'1) a_s»containing a pure sulfur allotr0pe'whlch is very stable in the dark,

- but which converts after about one Week in sunhght suddenly mto S The

”I.ex1stence of' such a -form ‘was already proposed by Maanus (19 ), but the pres--. .

ence of 1mpur1t1es aroused doubt about the ex1stence of such a sulfur allotrope
It is p0551ble that polysulfldes are respon51ble for the black color and such
- polysulfldes could then decompose in sunlwht and form elernentary sulfur

'
e

(e) Purple Sulfur _ S2 vapor condenses on a quuld n1trogen cooled trap
~with a purple color (242, 244). The_color ‘was as_slgned to the 'SZ. radlcal. Later '
. re-eXamination (19’4-_‘1‘.'96.).proved‘ ,howev'er,';that. the' S‘2 concentration in violet
and green deposits are similar and most likely do n’ot Cause the color, which
seems rather to depend on the depositlon' speed. Slow. condensation yields
green sulfur_,' fast deposition leads fo purple samples. This form has a hlgh

 riiagnetic susceptibility (1417).
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 sulfur. The latter and brown sulfur were produced by several authors
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(f) Red and Brow‘n sulfur., Three different red forms are discussed

in this review: ;irradiation.sulfur, precipitation sulfur and condensation -

(162, 194) by the condensation of hot vapor on targets held well below room h

temperature. It seems that a condensation of different vapor species of ele-

.mental sulfur can lead to almost any color. Such solids represent com-

plicated muliicomponent systems. Very little is known about their com-

| ponents.

Three such colored products can be prepéred by condensing molecular

" beams of SZ' The formation of these colors is not yet known, and the ex-

' periments seem not to be reproducible. One group (162, 163) observed

transitions of these forfns by thermal effects at -70°, -60°, and -55°C.

(g) Green Sulfur. A green condensation product was reported ina = |

liquid-air cooled trap (243) when S, was condensed. Green sulfur is also

N

are slowly deposited upon a surface

~

produced if molecular beams of SZ

~ which is kept at -104°C to -78°C, or if pﬁrple sulfur is heated above 80°K

(194-197). The preparation of this form has been thoroughly studied. Most ‘

~of the S.. reacts a{ter condensation under the formation of a statistical

2

' mixture of sulfur chains. During the formation of such chains, small mol-

!

~ecules can be trapped in solid nonequilibrium self-solution between long

‘curled chains., This solid has a complicated composition. The electrical

conductivity, the UV and the IR spectrum of this multicompionent form

have been studied (194), and the S, particle could be identified in such mix-

2
tures with the help of the forbidden IR-spectrum. At least four different

active species have been observed by their ESR spectrum (51-53, 245)
during warm-up cycles of this green form. The ESR spectrum is similar

£o that of the red form obtained if S, is irradiated at 78°K (246).

e
il i
1
g



s 50
UCRL "0768 Rev
It is not’ yet clear Wny thls form is crreen Rlce held the S mol- ,‘-:

v

. ecule respon31ble for this color, bu‘c S 1s }\nown to be yellow Another ’

v."~explanatlon is based uioon the slzmllaruy of the color effect in c01101d solution
'The color changes at LOO C into yellow
(h) “Violet Sulfur | If a molecular Lef..m of S .' is s"lo\‘;vl.y conden'sed'v

' ‘on a surface atj < 60° ",. a violet-purple solid forms. This solid has two’
':ebSOrotion continua i'n.t‘hve ,UV.’V At 80°K - this form converts into greerr' B
sulfur. The COmposition of vi'ol'e’f sulfur is notvhnown- hut the presence -
dwof S ‘has been demonstrated (194 196) and the color mmht be due to the
same partlcle Wthh causes hot hquﬂd sul‘ur to be deep red (166) |
'. VA summevry of the. stebillty ranges ofv the metasrable .v.'colo’red forrrls

‘is given in Table 7 and in Fig.2.."

5. From Sulfur Compounds .

- In stoechiometric vequa't_ions‘ for the forrnatiovn o-f..elebndeni‘:é.l sulfur -
frorn'cozripouuds atoms.a’udsmall'molecules ar'e'often vas-sume'd'.as inter- " |
mediates. It is very unhkely that such unstable partlcles of the elemenu
océur_ln a scliution, The allotropes form rnost probably throudh an mternal
'vdlsplacemerwt eactloh .or throucrh an 1ntramolecular rearrangemem: such as |
av ring closure o.r .a cha1u scis s1oh from vnolecules w1th already contaln the

correct numbe_r _or sulfur atoms.'- Tn_e _mo t frequent 1ntermed1ates are

polysulfides or -'polysulfoxyacid ions in 'varlous ox1dat10n _s‘cates. The for-

mation of S . in acidified thiosulfate solution, ' for example, can be - , .
p - T _

' explained by the following"r'eactions:

P
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Fig. 2. Stability of allotropes = £(T _ -(dT/dt), T,

nd)'

- This three-dimensional plot shows the stability range of - S
allotropes, estimated as a function of the condensation speed, !
together with the temperature of the equilibrium sulfur sys- "
tem from which they can be prepared.

tart’

The various sulfur allotropes to which the symbols in the
drawing refer are discussed in Section IV.C. 4. The z-form
has not yet been observed.

" At equilibrium (-dT/dt <<), only o and B are stable solids,
With an increasing temperature gradient, an increasing number
of allotropes can exist in metastable form. The stability of

~allotropes generally decreases if the preparation temperature
is raised, because of the increasing number of less stable
particles. :
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tHS;0;7 4 50,70 =% ms;07 w507t
Lo, Ky .2
2. HS3©3 + $_2'03 | --—-* HS O, + 503‘
3, Hsnog\ _+5,0,7% =% ms 0.7+ 50,
. y _" ob. 3 . A - ‘.?.‘
o koo | ?
4 HS O, + B S,y +HSO,
" If reaction 3 prevails, blong chains will form; reaction 4 Vr'epresents the ¥

. unimolecular formation of a ring. o . I B - ‘
,The &ield of different sulfur allotrones depends 'mainl.yvupon two.

g factors flrst upon the formatlon or d1splacement rate of the allotropes 5 '
'_ (k ) from an. 1ntermed1ate compound which has already the correct numher
of sulfur atome naruely one more than tne correspondlng ring; and Asecond
upon the formatlon rate k and the hxetlme of the 1ntermed1ate _compound,

~ which 1s' dependent on k The dispiacement reaction rate will depend |

+L v
o malnly upon steric- factors and it is certainly higher for the torsion free

S, than for the S "and the S ring. (kgp >k | The formation rate'

8 6 10 “or)
. of the 1ntermed1ate compound and’ 1ts lifetime W1ll deoend stronwly upon the
'bconcentratlon pH, te“nperature and cham lenfrth The to'rmatlon of an
allotrooe will be favored whenever the formatmn rate of the allotrope 1s
_greater than the formation rate. ozitnve inte-q:medlate'. 1f kn for n > 5, ie
v ‘asvs.urnj_ed to .havv'e f_ot all rvx,""._about the same order of ma.gnitude, three,

cases are of special interest: -

n~~ .T8r - TéT

2. ka. Sk >k,
e e n 6T

4k > k. >k

3. kK,
n . o}

- All three cases have been gbhserved.



T

- favored. In cool solutions, slow acidification will yield an appreciable amoxi_r-’it-:

of S(, = sp . One cannot, however, obtain 86 through slow reaction at standégd

(417, 20, 214, 22); it was found that’ Sp reacts roughly 104 times faster than Sy

- with triphénylphosphine,cyanogen and the hydroxyl ion. This reaction is

| 53
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_In_wafm concentrated solutions a fast pH change leads mainly to long

chai_ns which form S}L. Under mild conditions, the formation of S will be ¢

A

B

temperature, since the Sévis not stable encugh. It can be concluded that the

temperature coefficient of 1<n is much greater than for kr'

(a;) Sp . Following an e;.rlier suggestion (258) the t;erm Sp is used
here only for the unbound cyclo-hexa-sulfur mdlecuie, and no.t as a éynonyn?i |
of S_. The Sp molecule is thermodynamically unstabie, but it can be pre- ‘
served over exteAnded periods of time (20), even at 60°C, if it is kept in solution

and is carefully cleaned with potassium iodide, lead sulfide and potassium

~hydr oﬁ:ide .

It is best (22) prepared after the method of Engel (89, 90). Conce.ntrat;ad

hydrogen chloride is slowly stirred into a concentrated solution of sodium

thiosulfate at 0 to 10°C. The Sp is then, together with S extracted with

)\J

toluene or benzene, and the yieldis < 12%. On evaporation or cooling of the .

solution, . Sp crystallizes as S€ . Such solutions have been studied carefully .

\

catalyzed by traces of H,S and SOZ.‘ ‘The ultraviolet spectra (22, 243) and the

2

'vIR (20) have been studied in CS2 and broad absorption bands around 2900 A

and 20p have been observed (See Appendix). The structure has been discuésgd
earlier (85, 315).

(b) S€. S,€ is the only crystalline form of the cyclo-hexa-S molecule

S . It was discovered by Engel (89, 90). The correct molecular compositoh -

was, however, reported only much later (40). In a recent publication, S€

-

‘has been erroneously considered to consist of long chains (85, 281).

The S_is better known than the stable S, form, and is by far the best

understood unstable allotrope. The molecular symmetry (Sp) is D3d'
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- The env1ronmental symmetry is C The crystal symrnetry 1s C3 (84)

- The lattlce constants are (82)

10,848 = 0,002 A'- o aie=1:0.39%

4280&0001[&

~.§: c

Several a,uthors stud_ied the morph_ology (78, 80, 120, 124), the crystal

symmetry, and other data (50).° The melting point of Se is estimated to be ’

below ‘iOO"_C;“‘ A remarkable property'of- S€ is thel denstty. It is higher tharg
that of any i‘other 'avllotropve s_o.fai; studied, namel’y, 2.135‘gf/¢m3.. Each atoz‘n‘
‘has twelve ne-igh_b‘ors‘-v&ithin a distance of < 3.5 4. _Tne h‘igh lattice stability: of
S be'c;omes e\viid‘\ent if the tn'ermai data for the vanorization pto'cesses Sa-i S)\
and S€ - S are..compared (28').'. The vaporization entropy voer mo’le of 'Sé ‘.is

higher than that for S and the emhalpy and free energy for this process are

8’
nearly equal. Computed per gram atom AS AF , and AP are, howeverb,
all greater for Sé than - for 88. B | N

.. ‘The production.'of Sé. from boili’ng sulfur solution has been claimed,
but this s‘eems doubtful since it would necessitate the formation of Sp from
. the S)\, .e., t_‘ne'formation:"ojf‘an unstable ring with. six .atoms from a ring
with eight atom's in a solution. This would require several intermediate steps
.1nclud1ng scission of the S8 ring’ '. The ' S cr ys tals convert W1thm a few honrs |
v.'b.lnto Sa n. the S is not carefully purlfled The pure S is fairly stable at |
O°C. . S.ev\'re"ral autho.rs‘: rep‘oz_'t t’nat SC has-been fo_und in ;naturev.

red

kind is discussed. It is prepared together with pink sulfur when ammonium

-.(c) S .. Three di’ffefent"types of red snlfuzj'eXist. _Here only one

polysulfide reacts withbdisulfu.rf dichlotide' at pH- 8. The precnpltate (94) contains
only 50% . sulfur and has to be washed to be stable for more than 24 h A chro-
" matographic sepa_ratlon on alumlnum ox;deand silica gel leads to seven f:actions, i
of which three.c'ontain .100% sulfur, These fraotiOns have been characterized
. b'yutneir :-:-ta_y; pattern and by their molecular weight, but it is not'y'et clear

whether red sulfur really contains a new allotrope or is just 2 mixture of
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‘already known'allotropes with sulfur compound. It has been poinfed-out in

- the description of S_‘_ that the chromatographic separation also catalyzes
i il

g8
E9

conversion of allotropes, and that the fractions after separation have, therefore)
N ' ’ . IS

Iy

a different charal\:ter, and have not yet been analyzed carefully enough, ' '
| Mitscherlich (204) and many other authors have reporfed further red sul-
fur forms that have later been clearly identified as impurities, = All the forms
mentioned above are multicomponent systems and are not well defined of under -
stood, - : 3 | ‘
(d) Sv . Sv is the name givén to the pale insoluble residue of red sxgilfur

- {97) which is prepared by mixing disulfur dichloride with ammonium polysulfi'de
solutioné.’ It's lattice, x-ray spectrum, color, é.nd sublimation temperature
indicate that it might be identical with ammonium chloride, . ' '

| (e) S;» can be prepared by hydfoly'zing disulfur d’ichloride.v Itl isi idescribed
.elsewhgre in this.' report, |

6. In Solid Solution

We have already discussed two cases of sulfur self-solutions: first,the
metastable f&ilms which are obtained if molecular sulfur b.earhé are t;apped; and
second, the quenchéd melt Which is partly a solid solution of S-n' in <S.L‘¥' We iiét
here two.case; where sulfuz;. allotropes have been studied in a solid foreign sol-
 vent: |

‘ (a) Polar solvents. Sulfur dissolves in ammonium (139), sulfur
trioxidé (458), and many other liquids, but the solvation is gevnerally accom-
, panied or caused by some chemivcal reécfion. It seems, however, that sulfur.
does not react with alcalihalide 'rnelt;-t (144). ‘,At 700°C, a deep blue solution

is observed in an eutectic KBr-CsBr krnix‘cure.. If the liquid is cooled slowly,

‘the melt crystallizes with green sulfur inclusions, but if the melt is quenched
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| sohd “but the IR spectra are compncated and are not yet fully understood

- clathrate(iéO) It is very unhkely, however, that such an unstable molecule
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to 78 K, a metastable solutlon is trapped and remams colored even at

‘ standa—rd tempe’ratures for many days .It'ls easy to press 'pellet’s from this

i
s
.

© It is not clear whtat allotropes can emst under such condltlons

Recently, an attempt was made to produce and trap SZ in a water 5

b
C

4
5

can be stabilized un'der the‘ conditions described by the author, and it seemsjf

‘that the broad absorptlon spectra reporteo are due to hydroaen or organic

sulfldes and polysulfldes

('b) Nonpelar solvents, Homogeneous metastable solutio'n.__s'.can be
trapped by slowv.'sir.nul.taneoas conciehsatiorz of a rare gas and of s’u.lfb.r ,vaper_
(195). 1f 0.19% Sé is condense’d in Ar Kr, or Xe- a‘t‘a temperatur‘e belovv
25° K very pure S SOIULIOHS are obtamed and the spectra of such solutlons

are sum.lar to the gas phase spectrurn

56
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V. CONCLUSION .

Sulfur has been known and used for several thousand years, but thié »
feview shows that many basic characteristics of this common element have
not yet been explained and that only a few properties havé be'en'discoveredi‘
vDue to the state of éxploration, publicafioﬁs vary cohsiderably in reliability
and accuré,cy: ‘Some properties are precisely known; for example, the lattice |
constéh‘c Qf Sé; but in the case of other allotrépes it is not even clear whether
they exist. In learning about elemer.:tall:,sulfur, the reader has to be con'sta.xitly '
aware of drastic changes in accuracy and reliability, after concerning the -
propertig'es. of one single allotrope.

Only four of theover 5X 105 different sulfur particles have been obtained
in pure form: (a) tl\le cyclo-octa-S '(S A); (b) the cyclo-;lnexa-s (Sp ); (c) the S‘2
molecule, and (d) the S atom. Of these, only the diatomic molecule and the
atom are weil known, For the hexatomic and octatomic molecule, the spec-
: troscopic data are incomplete and inconclusive and most of the _timermai data
are unknown. The study of polymers such as SH’ Sw- and S¢ does not promise
fast progress. They have been well s'tudied, but their characteristic components,
if there are ’any',. have not yet been isolated. A further problem is that one does
not yet knO\;v enough about their formaiion. Very little is known about S-n' and
.it is ‘not established what'.other"particles might occur as intermediates in the
formation of Sp. and »Sw. _‘ |
It will, in thé future .be'possibleto isolate and study several of the
,;sm‘all molecules: for example, catené—octa-S (STT ), S7, 84, and S3. All can
_}be trépped at lower temperatures because recently developed low-temperature

techniquess make it possible to trap such unstable particles in metastable form

with purity and in quantities sufficient for observation.



* have so far been u.nvestlgated and the ex1stence of the 10 allotropes reported
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The polymerphism of sulfur is av Wide open field Ma.hy c.lifferent
arrangements can y1e1d a S1m11ar ;attlce energy and it is likely that for . S

and S a great number of polymornhs W111 be found Only polymorphs of S &

has not always been conclusively proved, Astonishingly, only two fo-rms, sa
and Sy; have been clearly understood even though’ SB is stable and has been
frequently: investigated. B o o o , :] :

The colored forms are complicated mixtures of allotropes. Most of’

them contain - SH’ but their composition is very sensitive to the preparation :

.conditions. From a chemical point . of view, the colored forms are interesting
. . p . ’ . . °

because of their high reactivity., The sharp limit of their stability ranges is
an 1nd1cat10n that they might contain one particle as a predommant component,

Almost all sulfur allotropes are photosensitive but most experiments

have been performed without regard to this fact. One of the future tasks will

be to systematically investigate the influence of radiation on the sulfur system.

Anothér important task will be to establish a2 common terminology.

The unstandardized termihoiogy constitutes a very shaky ground for the exchange

of observatiens; knowledge about sulfur e116tropes would be greatly enhanced if
a systema.tic‘norrt;e‘hcl'atui'e -\Ne‘i'e'f;o be developed. | | | |
‘Becauee'of the large afnouet of specialized information available eopv_'
cerning elemenfal sulfulr, this review Wae restricted to solid and unstable
allotropes, but even this relatively small fraction of the whole field is so com-

plex that meny important problems could barely be touched. It was our general

procedure to refer to information in the form of a guide to the literature,

~rather than fo'fpresent' a complete iisting of data.

gt e efan A




" Commission,

59

UCRL- 1_0768 Rev.
ACKNOWLEDGMENT

5
i b

The author thanks Dr. Leo Brewer.

This WOrl{;perfqrmed under thé-auspices of the U. S. _Atbm'ic VEriergy

i

b

i

s i
4
.

P
:
i
1)
N
‘
\
i
[
ry
-
oy i
-
.. P T
k3
’



teAa”c'tl.onéf

data and employ a rather confu51ng term1ﬁ610gy ‘;ﬁ‘

; ; i : W

and Powen"("zz9) 1943 '

The vzscosn.ty{ has been 'dlscussed by’Powell (229) :
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_The'sti‘uctufe has been described by Thompson (293) 1959, Prins (236) 1957,

B
A

* and Krebs (475, 176) 1953.
| For eleétric conductivity data, see Gordon (14-2') 1954,

For heat ‘\‘gapacity data, sece Braune (39) 1954.

For speci;fic héat data, see Feher (108) 1958, vB‘rauné (38) 1954,-
»V\Test;, (313) 4929, and Lewis (484) 41941, ' |

The free-electron character is treated by Poulis (226) 1962,
G‘ar_dner 126) 1956,_ and Feher (106) 1954, | |

The surface tension is discussed by Fanelli (103) '1950, and the colqé:r
was discussed by Keikef (164) 1954 (sece also spectral referenc.es). . |

(c) Sulfur vapor

Berkowitz ‘(27, 2.8)"1964; Poulis (227) 1963; Budinikas (47) 1961; |
Jaecklé (16'1).’ 19.61; Briske (44) 4960; Zietz (322) 1960; Feher '(107) 1957;;:'.‘
| Bradt(35)i956; BreQer(4z)1956; Bradley(34f1954;13rauné(36,37)1952;
West (3412) 1954; Cibronsky (55) 1949; Turell (300) 1947; Klemm (167) 1941;

.‘ Neumann (211) 1934; West (313) 1929; Lewis (184) 1911.'

-

(d} Sulfur compounds and reactions of elemental sulfur

Surveys: P:.ciyor (239) 1962, Schmidt (263) 1962 and "Organic Sulfur:‘
Corn;.pounds.,'»l 2 , (84) 1961,
_ Spec;lal Préblerﬁs': Feher (.iO_i-{'LO9) and 61 o;cher contributions up to
19’-63;‘ Nair‘(209)_ 1963; Schmidt (264) £963; Kovalsky (474) 1962; Donohue (81)
1961; Foss (112-11‘4) 11949-60; Koros (1725 1960; Kovalsky (1473) 1960; .PI'YO:TA
 (2‘38) .1960; Fredga (116) 1958; Iﬁgrahm (158) 1957; Garcia (4123) 1958‘; -
" Abrahams (4, 2, 4).1953--56; s_kir;i (268) 1951; Aynsley (11) 1935; Lewis (185)

4948,



: Dean (72) 1960 Chetkorpv (54) 1960

'et a.l Proc Roy.~ Soc 8'3' 330, (1964), Can. J Phys. 41 419 (1963) and
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