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A MA.SS-3POOTROME'l'RIO D~TIGATION OF 
SULF'UR VAPOR AS A. FUNCTIOU OF TEHPEHATURE 

H,. Charles Zietz 
Lawrence Radiation Le.borato:y 

· University or Cali.f'ornia 
June 15, 1960 

ABSTRACT 

A mass-speotro.matrio investigation lms performed on sulfur vapor, 

which was in equilibrium with the condensed plulse1 in the temperature 

range of 120 to 210°C. The principal finding was that, in this 

temperature range, equilibrium su.lfur vapor contains appreciable 

quantities 01' sa, s7, . s6, and ss only. 

The sulfur vapor en1£1Jlated as a small lmllOOtOollims.ted molecular 

beam from a specially constructed source into an ionization ·chamber 

which was designed to exclude from analysis 1!1.1\Y sulfur vapor that be4 

impinged on the walls or too hot electron filament.. The ions were 

analyzed with a 6-in.-re.dius 60-deg.-cienection single-direction 

focusing .maos spectrometer. The sulfur used £or this study "'s 

purified by prolonged boiling with UgO .followed by vacuum distillo.• 

~ion. 

In addition to establishing the principal species in the vapor 

phase, the results of this work provided essentially identical 

ionization potentials tor s8, s
7
, s

6
, and SS of 9e0 i o.h ev. Also, 

the beat of vaporization of S 
1 

was calculated to be approximately 



2eS kcal greater than that of Sa• It was not possible to detemino 

the quantitative cor.spos1t1on of sul.t'Ur vapor. However, upper 11m1ts 

for sa and s7 at l200c of 86% and lh$ respectively were obtained. · 

It is proposed that sa ia tho vaporizing species and that s7, 

s6, anc:1 as :result frOm dissociation of sa, and that. all tour molecules 

have a ring configuration.;, 
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IN'l'RODUCTIOI; 

Sulfur has been know since ancient times, and there are records 

or its use for medicinal and fumigation purposes at least as 'early 

as. 1000 B.C. I·C. 'l;~as commonly used in the pract.ice of alchemy, and .in 

1 
early t:i..mes i:o"as referred to ns "brimstone". 

Despite this long h:tsto.cy- of l'l4'Ul r s aw:areness of sv~fur, the 

rttult.itttdo of forms th~ solid liquid. .arJd v-apor ce.n as.stllile have l\l8-de it 

a froqur-.nt subjer.::t of investigation_. and even 'tdth the trem.endous 

s.dvances in ~J-;periment.al techn:tques ani. apparatus dl.lt"ing this century 1 

there still e1ds.t f'u:.'"ldar .. u:mtnl gq.ps L"l our kn<n«looge of aul.t'ur, (For 

an ®:eellent revie~: art.5.cl.e41 w"Titten in 1955, see Geee
2) 

Perhaps .le~.st. contpletely ltnOt:JJ:t is the c:om.pos1 tion or the vapor 

L"'l. oquilibriu;m t,;:l.th thr.!l condensed phaf..>eo At sufficiently lQw 

' tempora.tures ·the 'vapor preouraably consists totally of sa molecul.es, 

and at sufficiently· hi@:l telilperaturcs it consist:.; entirely of atomic 

sulfur.. H.o~·~ver., oonclusiollS abou·t the oomposition of the vapor 

oot.t-;e~ these ·t.ezil!)erz.ture e.xtrer.tes. have b"en almost exclusive4r liy 

The firDt of these meo.mt:r¢.:nent.s, in the t~~rature range o£ 

.300 to 850°0., 1roas puhli shed in 1909 by Pru.enar a.."ld Schupp •
3 

Breune., 

in 1951 puhl.i.shed vapor•denaity maasu.:r€iilllon·t:~ :for th0 tcm:perature 

rar1ge 350 to 1000°0. L. The result a· ot botu.i. i.nve.stig~.tions could be 

Pruaner and Schupp ware able to ft'...:t..-p1a.tn their da:ta by assuming the 
I 
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it necessary tc assume the existence or '\, as well as s6, s
6

, an4 

S2 in Order to exPlain their experimental results satisfactori~e 

Guthrie, Scott, and Ha.ddingtonS have calculated thermodynamic 

.functions and· the heat o£ ibr:nation of s8 gas. In order to make 

these calculations for the !'ull tempera.ture range 1n wich sulfur 

e:rl.ats as a liquid, thOTJ extrapolated the equilibrium constants ot 

Brt.>.une et. al to obtain tho partilll prossurer:1 of' Sa in the equilibrium 

vapor, and also used the excel).Etm total vapor prassure measurements 

of 'lv·est and ?!Xanzies 6 in addition to spectroscop5.c data. 

There have eiso b~~~t'W9 -~s~spectrometx'ie investigations or 

sillfur vapor 3 one by Bradt, !'.tol~ler 1 and. Libeler 1
1 and the other by 

./ 8 
Goldfinger, Ackal'lntitn, and .JeunohOl•am.e. The trork or Bradt end co-

1iiO:rkers tJaG in connection w.l.th a program to establish t"E:l:.f'erenoe 

samples oi' natural isotopic abundance, so that sulfur vapor. was 

investigated at ori!y one temperature, 95°0. They evaporated sulfur 

i'J."'l''l a few mil~ign.ms of coarse powder contained in a capillar,y tube 

inside a. 6-mnt tubce that IS!rlended about 2 em to the entrance port ot 

the ionization el::tamber. 'ljhe vapor prea:::::rtJre in the :Lonization chamber 
~ . . . 0 

waa less than 10 · .nn of Hgb rmd its temperature was 186 c. ?:he 

results of· their relative ion intensit(y measurements, reca.lculatad. 

for Sa+ = 100., are given in colu:nrJ. II of 'I'a.ble Io Bradt and co-workers 

+ also found appearancG pot,(iltlt1.als of s8 as 8.)1 t e2 ev, Of S2+ as 

84!.3 ~ .2 ev, and s+ .as approximately 2 ev greater than either or 't.hese. 

Their method consisted o.f plotting the current-voltage curves on eami

log paper and normalizing the. ion current to uni t7 a.t 50 ev. Then the 

value of the electron energy that corresponded to an ion current of 
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Table I 

-------~~~~.........;...:~~---

Ion intewdties .fror.l ilradt, ~;Ohler$ e;nd Dibeler W",.d .from Goldfinger, Aclceman, and JeurNl"1~ 

Ion 

-
+ s, 

ss• 

s.,• 
s6• 

ss• 
BJ,· 

~· 
~· 
~· 

'Bradt et al. (rold!inger et al. 

Capil.lar'.f 'l'ubc arm-.1;-.4 te Crue.~ ... v·•"-'" . . ~'i:c~-erature Tub0 

T • 36SOK T•)~ !'! ""' 345<>.K %1. D J$0x Tl - .3e.ooK -
!2 = 3490K f = 36001 2 T2 .• 36SCX 
-.- .., ; .,. • - .. .-s=a..., 

0.4 

100.0 100.0 100.0 100.0 l.OO.o 

6.1 o.s $6.1 u.o 12-h 

S9.2 l~ .. o lSl.O 89.8 64.6 

96.2 24.0 h8.8 .39.0 )8.6 

·15o.o 41.0 112.0 42.3 60.7 

~37.0 20 .. 0 65·9 .,o a .,, .. 3.3.1 

1850.0 17.0 488.0 169.0 1,38.0 

t$0.0 11.-0 166.0 33.1 22.0 

7 1 I a· _Sf i t:4;;;: i ;;;- ;Z;;;;;: u j £;;;: ; .;';= :: ; . :.:;.:::: : 

~- ..... !! 
' . .. 

• 
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Oo3% of the SO-volt value was chosen as the appearance potentialo 

This value was corrected for contact potentials obtained trom. the 

difference between the appearance potential and the ionization 

. potential or :mercury vapor, 'Which was introduced nth the sullur 

vapor. There wore vttri(J.t:i.ons in the slopes of these appearance• 

potential curves which led the investigators to report additional 

uncertainties in ~h~ above values. Bradt and co-workers concl1.1ded. 

th~t sa and 82 were present in their ic·n1zat1on chelnber. \~tber 

or not n.eUtral. species oor~ee,;ponding to the other ions '-"ere present 

could not be decided. 

The efforts of Goldfinger and eo-workers were primarily 
·, 

directed toli:-ard studying the vaporization or cO."llpounds and alloys 

at l:ligh temperature and the dissocd.ation o£ these vaporn. Th~ 

studied S\il.fur vapor to facilitate their interpretation of tho 

evaporation behavior of suJ..tur compounds.. Two types of evaporat~on 

systems were used• In one, the $Ul1'u.r vapor originated fi'Qm an 

open graphite crucible, and in the ~t11er1 tAe vapor passed through 
. . 

a 0.1$-mm•diameter orifice in a tt~-t~~erature tube turnaceo The 

graphite crucible da.ta are given in Table I, colum:.'t !II, and a 

portion cf the tt."'-t~uperature.-tube data in colu:mns IV 1 V 1 and VI. 

To permit reacy COirtpnrison, all de.ta not based on sa a 100 have 

been recalcul.ated on that basis., Goldf:i.nger et tU.. stated, "It 

seerr~ fairly certain that a conl'Jidcrable part of the ionic 

intensities of sa+' s7 +, s 6 +, and s2 + are duo to ionization or 
parent molecules~ n and 11p:roba.bly most of the ionic specie; 

1 
result 

,, 
~. 
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tram direct ionization or the parent molecules end not from electron 

fragmentation. a 

Tho results of the5e several studies of the vspor of sulfur have 

led the various investigators to the conclusion tl'>.at some cornplex 

ndxt\11'$ of polyatood.c molecules is preaent,. but the exact m. ture of 

this mixture has remained quite uncertain. 

The object of this investigation was,. therefore, to a.ttemp·c to 

determine directly the composition of saturated sulfur vapor as a 

fUnction of temperature • 
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EXPERIMElJTAL.APPARATUS 

)fuss Spectrometer 
\ 

\' 

A 6-ineh•radiu.S1 60-deg defiection1 single-direction focusing 

mass spectrometer was the analytical instruw~nt used for this 

investigation. 1'he magnetic field of this mass spectrometer vas 

provided by a continuously variable electromagnet capable of 

producit1g a ruaximum field of 9300 gauss across a 9/l6-1n'! gap. 

The accelerating voltage was provided by a. t«a:ll•regulated .3•kv 

pot:1er supply, 1\Jhich also provided vol ta.ges for drawing ions from 
- - ~ - - . 

the ionization chamber and for focusing these ions,. .The ions·· 

coUld be positioned after the m.."'.gnetio dei'lection by . ti-10 electro

static deflection plates. The ion dctect.or was a sixteen-stage 

elect:ro11 nrul t1plier ( develope.d at this Laboratory by 'Reynolds9) 

termirlated by a 109 •ohm resistor. The voltage across this resistor 

~;as meaS"Ilred by a vibrating-reed electrometer which· drOve a 

recording stri~hart 'potcntiomoter. 

Vacuum S:vstetn. 

l'he vacuur.t eystem is sho1m schematiu.lly in .Fig" 1. The 

purpose of the water-cooled baffle directly over tlJe jets or the · 

di£fuaion pump lmt:l to reflux a large portion of the mercury,. so 

that the pump did not bocO.!llO inoperative, ~ring to Hg on the co2 

trap 1 until after a reasonable period of about 10 d.eys. The 

position of the ion gauge vas dict("ted by convenience, and it is 

believed that at 'WOrst the ga.uge indicated the pressure in the 

mass spectrometer to 1r1i thin on order of magnitudEh The indium· 
10 . 

valve (developed by fie,Ynold.s ) W<l.s not usable, as the indium 
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eul£1do thut f'omoo .ma.de it ~")()se.i~ to achi(..>V$ a l~al:-tigbt seal. 

The~· ~~l~ was a 6-in.~tor cylinder, lJ-in. long, 

ldth t~ 2-.1/2-in.-<lia;;AC~ sid~Ut• One tlicrYt~d as t.~ ~~ 

port., the se(;o:nd Nld lfJ~ven t:ovar ele.etr.i~ leift.d-through4! soft

soldered into a eop-pa;t< plate, Md th~ th~.rd had a m-ex v.uldow • 

.Flang:es Wl."() hel1a~"-elt1ad to both en.irJ o.t th~ . eyli~:i¢r, on'!b of 

•tell ~~ bolted to a nMe~ plat$ hard•aol.:d.ored to the l-in• eopper 

tub~ that ~s flerttened to pasu betl.~<!t1t the poltt;; o£ tho m.."J.Sll~• 

The ypa envelope ~..tline th~ ~ctron multiplier wae 

atta~'lhttd t.o th$ o()I)P@l" tube bY t!4 al"Mad setd. th.G ~nv-elr.tpc had. 

tungst-en loot:t-throutt,hs for ·Otmr.®e'tion. to th~ .datl~etion t>latGs1 a 

J/h•in. l'Umpo.ut tuba ~ ·~se in ec.mjunr.:tt1~n ldi'Ul thG il.1.dim~ v.t~.lvo,· 

end l®~ t~.rc>..UW.too in a 4•1n. L~usi~ri&l gla~s pipe !lsng~· Attaeh¢1d 

to thia tims e. fibatn to whJ.ah tho t>iultiJ;ller ~nf~ rtgl.dly att.il:ed. T.h1s 

bat ha<i 16 KOVG.l'" load·t~;ht:; lU't1t.'Yli its cir~d'ereroe1 $. lt~e W'lon 

.lead t;hrougb in itS: i•op Co;r the out;put tlut"l~nt, a:."id -. .. ~., cov~d 'k-ith a 

bre;~n:; cylinder for cl~trlc~ sh1alct'tng. 

AU df.?ltll':·~~.e ~~tal•to-ootal ~JJ~lft 'H'St'~ rn».de 14th knif~·~e-. 

seal.~ cow~~ eestc~s 1/4 x l/11. in., in cf'Ost~ .. aec:t1on, and ell 

d~.J-utr"'~bla glaae-to~metal $&-~1' w~"iil made wlth·in.OS.um o rint;f8• 

Beth the eop~r ~r-..d ~.ndiUl~ gtlskiiists tm~ ~tt.~.ablJh Tha aourou 

~tnvelopo torus wt.".apped. tilth heating t.apc· far outga~tdng PlXI'POB~S· 

I~tion Oht~.m.btu-
•11 •• If 'i ........... ld 

The ioniz.at:ion eoo~.ilbel~~ ahom-1 in Fig. 2;) ~s. d0signed to 
EJJ.irdmil!H.~ contrilmtiona to the· ion current tlu1.t could orig:in:d:.e !ram. · 
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Entrance aperture 
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Fig. 2. Ionization chamber • 
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the walls or fro.m the hot electron filament. The chamber vas 

provided w-.l.th bo.ftles and a "back door" that was larger than 

the ".front door." In addition, 1.t was in thermal isolation mld 

to.-aa sh:l.l'l'ld.ed from the hot .filament. (For on interesting e:r..ample 

or the effect or a hot film.aent in dissociation of gas molecules, 

S€119 I\<m.e 's '!!J'Ork on arsenic and red phospliorus. 11) i'he ionization 

Chamber l\lT!l..S constructed of stainless !'lteoJ., and all its interior 

surfaee.s wore g<,ld plated to r.dnimize secondar,v electron e:nds3ion.. 

Ti'..e :l.oniz:i.n.g electrons 1rere coll:im.ated L'Y a remarkably e:t.fl-

C\U"Tent., 'tllhich oould be ~,raned fro!r. 1 to 100 ntiororur.peres. The 

elentrons 'Here accelerated • by applying a potential, continuously 

and the closest slit. The voltf.l.go ~ts read with t"ro mctent 
a 150-"'irolt £u.l1 ocah~ met~r for tho higher voltages, and a m(('.rtcr 

accurate to o.s%, <with a mirror to redtte(l'J pa.rallax reading error, 

£or the critical region of 15 volts or lezlll. Th(~ entire iot~..iza• 

tion chm-aber -w-as floated at the: full accelerating voJ:b~.g0. 
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Sulfur Source 

The sul.tur source shot41'1 1n Fig. 3 was developed tor the purpose 

of providing a small well-coll.1.mated molecular beam obtained 

directly from the vapor in equilibrium. with tho condensed phase. 

The sulfur container, which was 1 in. long and had an inside diameter 

ot o.090 in., was made of' aluminum to provide the therm41 conductivity 

necan.sary fer un:U'orm. temperature and to avoid any sulfur reactions. 

(The exparionoe of Prins is that the only comrenient materials tdth 

which sulfur wlll not react are aluminum ~ lithium glass. )12 

Restric·t.ion of the diameter oi' the e:f'tu .. s1on opening t.o 0.004 in. 

provided a ratio of areas of approximB.tely 2 x lo-3 1 so that ther$ . 

was rensonable assurance that .the effusing vapor had equilibrated 

tdth the condensed phase. (The effect on sulfur vapor at moderate 

temperatures of a deviation from equilibrium cond.itions, as pointed 

out by Guthrie, Scott, and Haddington .. s is to increase the poreentage 

of s8 in the va.por.) The length of' the effusion cha..rmel was 0.008 in. 

B:nt at the small ang,lc to the norr.:w.l subtended by the collimated beam11 

the :angu.l.er distribution of molecules is essentially unchanged from 

that far, an orifice of' infinitesimal channel length.lJ 

The bottoul of the container lras a tapered plug ~ilhich had an 

iron-constantan the:rm.ooouple spot-welded into a slot, and lii&S 

mounted on e. separate flenge by a 2•3/8-in.-long stainless. steel 

and ceramic support rod. 'l'he :Jtainless cape wera attached to the 

ceramic by using th~hermal ¢xpnnsion or the stainless steel to 
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Section A-A 

Aluminum 

Section B-B 

MU-20859 

Fig. 3. Sulfur source (Identification on following sheet} 
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(1) 1/4-inch copper disc~ l/l6·1n. hole bored tor passage of ret:r:igerant 

( :2) Set scn:t'li.'S to align disc (tour) 

()) Coaxial solenoids 

(4) 1/8 in~~ iron rod 

(S) Stainlesa tube 

(6) Shut.ter 

(7) 1/16-in.-thick copper cylinder 

(6) l/4-in .. copper tubo tor retr.i.gera.tion 
. -

(9) Stif'f' aluminwu toU to held heater (attached under acnms) 

(10) Quartz sar.dwlah heater containing pt wire 

(11) .Aluminu~ dioo 1dtb lJ·l/2.-mU coll.imating slit 

(12) Stainless etael support rod ( tbreo) 

(13) 1/h•in• copper disc -&tith l/O•in"' hole (hud.-soldered. to jacket) 

(14) StainlostJ steel support rod ( thre$) 

(l$) Tantalum radiAtion shield 

(16) Kovar lead•throughs (eleven) 

(17) Ceramic cylinder 

(18) Molybd.cnu;'n wlre 

(19) Threaded ceramic cylinder 

( 20) Alu.Tldnum tube 

(21) Alurdnur11. container 

(22) 4-mU hole in 8-ndl-tbick base_ 

(23) Copper jacket touching base plate in onl.7 three plaaee (each l/2-in$ long) 

(24) Copper cooling coUa soft-soldered tG jaclcet 

· (25) Well for refrigeration ooUs 

( 26) VacUUTil seal 

(21) Stainless stool stool 



was zllOU.."lt(';;d on a ~.rarate plato, 1t cauld. be r~ w~thout 

di$t1Jl"birli tt-..e rest o.t• t.hG aoumo. Tho emf' of tho tbemoo.oupl&) 

tldoh ws beld at a o<\1 reference t~turf.J :tn an 1co bt;.t.h,: was· 

~red with a Uub1con pot~ln•..1omewr ~ ~Ltt.a'\!1.\t'I~G~e:- capeble ot. 

easily dotootitlf~ .tde.rovolt cl~ca. 

i'lle b~o:ting unit. bt1d a Jm:o;~e ~t ~aeita; to prorldQ t.~ 

st.ability, mld eonte:tn.'l<i s. cimtrlll iill'Ulldnum tubo to f'n{;)Uitate 

the atta:.~ent .ot a Ul.'l11brtt ~watur~ re~ as ll:ell as £~ tbo 

n~,.sooo siven abO'vo. -~actual beet e~11;v was not deter-~J 

but beture tM ~rnt'W.'"e or a dta~ cont¢.ner reached 1$XP C 

during pral~ outga.~~ing of th$ 'We.rtem, th~ .initia'l nichrome 

bootin.g 01~ ~ out. In f'~ct, this oce'd.rl~ t'"t.d.ood; tba 

qu.vtM!:tion whoth!:tr then was 5ood tmttw.l eontaet. bett1,~tm the t'Uho 

and:. the cont.tdnc-r • t!lhioh led to irltts:rtion o.f' tho 1ron-oon.<St:u1tn.n 

~"len®coupl~ ~t the top edge ot: tho 2-1n.~ltt.$u.'l'll tubo. Too 

. stGinles:;: steel support. stool was t~EEckcd dOTt~n 1.0 d~e~:Je heat 

l~a.kag~, m--ill had pumpottt holoo to i!"~!Pf'OV'e the out,r;assing coor

net.cr isi.~1es o.f' the utruotw:e~ 

1"1"0 cop~r jacl:et end two eopJ:)or cliac:5 \o<Grc x~friger~tc'J l7'.r 

p~ing alcohol, eoolcd t.o bel0t1 -$0°0 ey solid o~n dioidde1 

through t'ha t-t:riJ disc tmd through the co.ils so:f't-.soldsrqfJ! to ·t.lls 

ja.cl:et. Tho eol<.\ emrtEJ.cea m.n·o to trnp tho su.1f'ur thr:.~t did not poos 

throut~h tho three aoll:lmating ti!l1ta1 and t:hue to prevent eontri!;·-u

t1ons to the molGJOulllr beam £'rom sul.fUr e.t tcmporaturGo clit!crwt 

.... 
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from those that exieted in the aluminum container. This alcohol 

refrigeration s.retem 1a shown achematicalq in P'ig o 4o 

Initiall,y, the heated. aluudmm. alit was not included in the 

system and the lower copper disc had. a o.olJS•ino hole. However, 

this hole became plugged. by cond.ensed sulfur quito qi11clcq and 

waa theretore enl.a.r&ed. to 1/8 in, and the heated aluminum diDO with. 

its O.OlJS•ino hol$ was added £or eollJ..ma.Ung purposes. The 

alurdnum disc was heate4 by a platinum element encased in a quartz 

sandwich, and ita temperature 1J&S measurecl by a spot•weld.e<l Pt.pt .. 

13% .an thermocouple, The emf or this the:anocouple and of the 

tube's thermocouple wN measued. wlth a .. student• potentiometer 

without peysical. 0°C rof'erence.. fbe abutter 1 whose action depended 

upon the centering of the iron rOd in whichever or the coaxial 

solenoids ·was energbedJ was developed by \~erning at this La.!.aorator,v14• 

Ideally, the shutter should have been placed directly over the 

al.uminW'!l container opening, 'but this ple.oement would· have been 

~1iremely diffioult0. 

'ro locate the st.Jli"ur source in such a wey as to minimize the 

probability tha.t the lllOlecular sulfur bee.m would impinge upon the 

exit plate o! the ionization chamber, the :tle.r~ged plate upon which 

the source was mounted was first. loosely attached to the !lange on 

the bottom. of the 6-in~-diameter C'Jlinder. Than, tr..a su.l.t'ur 

container .and its supporting .t'langl.'»cl plate· were removed to ponait 

.. insei'tion of a fairly rigid O.Ol.),S ... in.-diameter wire througb the 

three source slits., The protruding portion of this wire lalas e.au.sed 
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to pass through the canter ot the entrance hola :1n the ionization 

chamber b,y movement of the entire source plate. Tr~ looseness of 

the bolts in theiz· bolt holes ttl'SS su£tieient to permit tbis .mlign-

ment because of the previous alig~ent and centering 01~ the three 

source slits-\ .and the centering of the ioni~a.tion chamber 'Within too 
6-in. cylinder (made facu.e by virtue or the ductility of the copper 

tube to which the ior1ization. chrunber was mtta.ohed).. Hotating the 
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SULFUR PURIFICATION 

According to Bacon and Fanell11S, the optimal method or puri£.1-

ing sulfur is lr.r prolonged boiling ~'1.th MgO. Prir.s12 h~s .round that 

if, follov.iing Bacon and Fanelli •s procedure, the sulf'ur is vacuum 

distilled, its purity is 1'urth0r increased. As e'Vidence of the 

purity, Prins has found that quenched plastic su.lfur can exist in 

this metastable state at room tempe:ra.ture for a.o long e.s a year 

owing to the absence of nucleation canters. Parenthetically, it is 

un.fortuntJ.t& that Heyer and Gol6 wre t1ot a.wa!'e of this stability ot 

the Iltetasta.ble atate, to~ they went to f;!reat lengths to perform. an 

x-r&ry diffraction ermlyais or plastic sul.fur as it was pulled from 

instability of the plastic ste.te. 

'.l'he sulfur used for this st'Udy', 'Which had a Htirrl.mtnu initial 

pUl."ity of 99. 7~ l\taS kindly furnished by Stauffer Ghexrdeal Compaey. 

The procedu..re of Bacon Md Fanelli was carefully foll·ovred, withi. eJ.l 

but the final 30-hour boilinz done in liter boiling fle.ska ""hose 

necks t\rere E:".xtended 12 in. Sulfur vapor \lfOU.ld condense :tn. the neck 

and could be rerllJXed by gentle hentinf~· 'i'ho final bo.iling was done 

in :u1 open aluminuut pot t~hic;h was fitted l!l'ith a long glttss chimn¢'.f. 

This glass chimney ~a sealed to the a.lw:dnum by a layer of asbestos 

under e. coating oi' plaster of Paria to px·event escape of hot sulfur 

vapor. It 'li:'as ftrwld. that if the hot vapor fJaS allowed to escape, it 

t'10uld ignite, 'Wherea.a this problem was not present for cooled vapor. 

The sul.f'w.· tres filtered into the d.i~till.:rt.ion apparatus, shot.m 

in Fig./ 5, after this finel boUing. This apparatus wna evacuated 

•• 

..... 
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to about 15 microns, then a slightly positive pressure of argcn was 

introduced, snd the system we.s sealed. The purified sulfur t$S lett 

under argon fC/1:' about tt-.ro years~ as it seen~ed desirable to defer the 

vacuu.r.L distillation until the highly purified su.l.f'Ur ~-ns to be used. 

(e.xper-"..l..ll'tenta:l. pro'ble."ll.s arose that -ware not quickly reaolved). 

i • 



.. 
'I'he ~\.Wili1 eystoa was outgaemflXi, mth .oo e1ap~ contai..ner end 

tM hot alit ti.rat ooe.tod to 200°C ld thf.>tit coolil'li the eoppt~r discs 

aDd ja·oke1t1 &"ld t.h(ltfl h"'at.ed to 45ooc fl:llth tlU!'. copp~r c:ool~d to 

pre.v0.,., me.lthle; the soft•soldci'ed ·conr:eatiunl'l. Durl.n~ this eut

gao~tl'i!S pr:~a•.tOO., tll.il\l enveilope Of the ~e, 'Of.~,;.th tl/ti?r GX¢$pt.icn O! 

the 1'n!JiW.'1 g$gket~<1 t..-indow, ~s hoo.ted to 200°0., Ti1e low!Jt 

proStGurc 1nr..t1ct.t&d by tho V~!A ionieation aatzmG ~ 7 ~ 10•8 m ot 

.rlg., with pre~$'IWOS OOirl.a; ~ro c~on:cy on Uw. 1o•1 ~ soalGo 

?ur,t..fiErJ. sulfur tms tvarJO:mted-1 omld.ensed at 0°0, and t.e>Stad 

too po~ntn:iactio:n ~r~tur~, orlf•o u t.;r~n11i:t~ table top and 

o'b3ot'Ving ~t it retained t.h1a &.l.rk bro'!im. color charactor1.at1c ot 

plastic sulfur. ~<hen tho ~QPle waa cool enougr1 t·O tou~:; tJMl 

plastic.ity uas v~ri.r~d; but the h.ttndl1n~ e&Wled 1t to tnmsfom 

:t.nt.o its $table st:t"Jctura. A prev1.ousl:.'f outgamJ~ eont.s.;l.ner ~ 

tlllOO. £~11 the bottom vlth tbis m:tlfur, arut the ~~red plug roreed 

into it. Th~ thllir:,¥>eou~lG~ W$ ~pot•JWld:ed in th.~E~ alat ·io tllo plug, 

and th~ ccnte.ine:r wa.G sero~d t'Art.O the e~e.tMlJ steal and ¢·®X"~ 

m1pport rod. Thu red wee QOte~S$d into the .f'la.n~oo s:.ounting :plat0 

of tho eo·nta1n$r S~r.d .~be tlwrm.ocouple leads «ere 'pot lmd.ed to 

Kmv l$nd-thr,:·ut;hilJ moi't soldered ill tJw plate. The eonte.ine:t" OO$ 

slld :Lnto the a.l~in:u.~ tub(ll .mid itfl mJ.ppo~ pl!tt.e watJ bolted to 

the matif'l~ portion of tho so~ plate. 
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When the pressure in the system was low enough to permit turning 

on the electron fila.~nent> the external alnico V Ill.i}.gnet was· aligned to 

.mrod..m.tzo the anode .current. 'l'he net effect of this magnet was to 

increase the current to the anode by an order of. mt~.gnitude at a given 

.filaw.ont te:npc:ratm.:·e t.;hen the electron energy t18.s 75 volt~, and b;r a. 

greatt~r ar'.1ount t-then the electron enor3y t~as r.educed to lo1o.-ei' values. 

The coll~.ted electron current to the e.:node wa-s set at tuenty micro-

Hith the el~~ctron filament on, tho source envelope heated to 

200°C, and a pressure in t.he vacuunt syste.'ll of 10-6 1nm. or Hg, or better, 

the sv.l.fur container 1-ms heated to approrllttRtcly 9,3°C m'ld a.llow-e~J to 

jumps of the pressure and iJi' the S'J.lfur ion currents ue:re obser'\fed 

in th~ vicinity of l19°C, unlesll prev:i.ou::~ly u.nhcatcd st1lf1u' was 

"L~hat was happe:r.d.ng, a cont.ainer of s~li\1r "t>W•S heated rapidly i..t'l an 

11 clilnbed" out of the hole in the containe~, then 11satt' on top of the 

container .and bounced e:w:ay .from the hole and back over it se"'.reral 

ti:~l!~s. l~ch tir:m the hole b~:oanlt< unplugged a burst of vapor "t~,"'uld 

ccae out ~1d leavo a uhi t.e d Ol'osi t on the uJalls of the bell jar e 

As the teltlpcrature t<Jas raised, the plug liquefied and spread out 

across the top of the cont.airier. ~vhen another cont<J.iner of sulfur 

t1as heated slowly, no plug a:ppoo.red, and the deposit on the inside 

of the bell jar built up g.ra.duall.y. 
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Tlle explanation of this phenomenon is that the first melting ot 

sulfur occurs on its surface, and "t>eoause this liquid wets the 

aluminum container walls, it forms a. rather impervious barrier to 

the gas that is desorbed from the balance of' the sulfur whEn it melts • 

Then, the gas expcmd.a and forces liquid sulfur out the hole1 'Where it 

solidifies .fo:rndng a plug. As this gas, aug~11ent,Gd by suli'ur vapor and 

gas deaorbed fro..~ tbe containor, builds up pressure, the plug aota 

l.:l.ke e. valvti, and. the pressure required to actuate i.t is stli.'ficient:cy· 

large to cause the observed cyclic behaviol' lJhieh cor;tinuas until 

most of the gas escapes. 

'to prevent eva_po:ration of sulfur fro.m the top o.r the container 

and to a:v-oid pre.m&ture loss of mantple, it l~as ess~.nt1al that the 

sul:f'ur be outr;:am:;ad belo~r it~i melting po:i.nt. :fht"J crit.arion. for 

adequate ou:tga::.min~; l'i'&S tiaG oorlll_;llete absence of irrcgulfJir .:tnoz·sases 

in tl-.s io:n cur:n::Irt &sid in ·t.h\ll pre~~.tu·e ~~vh{:ln the t<Jl',l_t.i(~r~lturo Of the 

Sllli'ur cont~1ine::r p£1S&'iild throut-;h ll90C. A by-product of t.hc1 pl'u,gg:lng 

'l:he alcohol refrl.~~eration sy:srl:.am was tn:r-ncd. on I!I.t le~:st. one hour 

bofor~ rury ru.ata t~s te.k~n., ~.;.ntt the f:lectronic OOJ:!f•Oncnt.s o~ the :rJ.ass 

spectrometer lmre allOl'lled to -wmrta. up i'or app:roxil'Mtely 1 hout•1 ltith 

the ion accalerat:ine; potential set lit 2 kv arJd tbe potential across 

the 16 star~ca of' the el~:wtron 1:n:u:t.ipli•JJr at 2.3 kv (provictlng a current 

gair1 of approxilnately lo5). Du.~in.g triis wan11 u.p period, the hot slit 
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was heated (its temperature Wa.s always at least 2S°C greater· than that 

or the container and was never leas than 200°0). 

Measurements 

The effect of temperature on the ion current~ or sulfur was 

observed under essentially static end also under dynamic conditions. 

"'or statio measuremoots, time was allowed tor the temperature of 

. the sulfur ·to become ftrlrly stable, whereas tt.e dynamic conditions 

entailed a rate ot temperature change varying from. .2!) to 4. deg. per 

. minute. Measuremmts "WSre also ma.deb at constant temperature, of 

the dependence o£ the ion currents on the energy of the ionizing 

electrons. 

Prior to all measurements, the r.w.ss spectrometer ~s focused by 

first uumual.ly increasing the elactronm.gnet current to its ma:xim.um 

value and decreasing i:b to provide the magm~tic field required to 

cause the (s32 )8+ ions to strike the firet stage of the multiplier. 

Then, this ion current was optirrdzed by coincident adjustlnaont of 

the dravJing out, beam. f'ocusing1 nnd receiver defl.ect:l.on voltages, m'ld. 

the magnetic field. 

'l~he rea. son for saturatifl..g the magnet before foc11sine the .mass 

spectro1neter vas to cnuse the ma€91et to operate on the upper portion 

of its hysteresis curve, ~hich ll&S necessary to obtain reproducible 

ion currents. The influence on the ion currents ot the previous 

,;, 

history of the. raagnet 'h7aS probably· due to changes in the stray mae,'netic ,. ·· 

field which could conceivably af.f'ect the magnetic focusing of the ions, 

the gain Of the Glectron multiplier, and the path Of the ionizing 
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electrons~ 

To obtain the "statio" temperature dsl'<Jndence. time was allowed 

for the temperature .of the sulfur to beeor&e fairly stabile, and the 

Sa+ ion current 1\.TS.S !'OCU..'Jed as described above. Tbeng in sequence, 

ths•s+s+a+ • + . · e 7' 6 ' 'S ' ""'4 , s3 , and s2 ion peaks were measured, the magnet 

was satura't$d1 and the Sa+ peak was rem.easured. For each peak, 

focusing t-.-ras accomplished by adjusting ~ magnetic field. and receiver . ~· . ·. . 

deflection voltage to optblize the (Sx ) ion C\lrrent, and measure-

ments wre made with the shutter open ana closed, except When previous 

measurements had sh01m the "closed." peak to be zero. The time required 

to scan the spo.ctru.m. in this fashion was usualq about 15 minutes. 

The procedure followed in obsel"'V'ing the effect of chtulging 

temperature on sulfur ion currents was to heat the sulf'ur,. allcm its 

temperaturo to become artabile1. and focus the mass spectrometer on a 
J2 

sx. ion peak. 'Then$ the eulfu.r was cooled and heated tihil.e the e.mf 

ot the Uubicon potentiometer was .5et for intervals of 2°01 and tho 

temperatura 't>Jn.S recorded on tha strip chart 4S the gal VlUl.O.tn.eter light 

passed through zero Q The shutter lll'as closed about eveey 10° to 

deter.mine the background peak. The ion peak was refocused, during a 

.heating and cooling run, only when it became apparent thnt refocusing 

t."'B..s eaoentiaJ.. Th:l.6 procedure was repeated. for each aul!'ur ion. The 

usual rate of temperELture change was bett-Ieen 2 and 2.$0 per minute. 

The energy o.t' the ionizing electrons was 74 volts for both of these 

sets oi' measurements. 
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The electron energy dependence . was also obtained tor one S .. X 

ion at a time, with periodic measurement or the background peek, and 

the 1on current refocused as infrequent}¥ ·as dritt o£ the mass 

spectrometer would permit o The time required to accumulate: sufficient 

information ··for an appearance potential 0\lZ'Ve ws ot the order of 

2S minutes, during which time the variation of temperature was usus.lly 

less than 1° (the largest change vas 2°0). 

Throughout this work, the background ion currents, except tor 
+ + s2 and S , were quite small. At the beginnirJg of a &q's measure-

menta the backgroumt peaks WOUld be loss than the high-temperature 

7S•volt ion currents by at least an order ot magnitude, and within 

an hour would decrease by another one or t~-o orders of ma¢tude. 
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EXPERIMENTAL RESULTS 

All the data reported were obtained with a single container of 

sulfur and except vh~re noted are net ion currents (i.e. the differ

ence between measurements made with the. shutter open and closed). 

The "static" temperature dependence measurements are presented as 
. + . . 

ratios with. respect to s8 : in the chronological order taken 1n 

Table II, and graphic,al.ly in Figs. 6; 71 and 8. These ratios were 

calculated with respect to the first s
8
+ peak measurement, so that 

the last column in Table II is a measure of' the reproducibility (or 

lack of it) of' the s
8
+ ion current. The lines drawn to correlate 

the data in Figs. 61 71 and 8 favor the higher values of' the ratios~ 

Because the nwd.mum value of' the s
8 
+ ion current peak could be obtained 

more consistently than the maximum values of' the lower mass ion 

current peaks, the scatter of the data would not be random• Another 

reason for choosing the higher values of' the ratios is presented in 

the general discussion section. 

The measurements taken during heating and cooling, presented as 

logarithmic plots with respect to 1/T in Figs. 9 through 151 are only 

a fraction of those obtainedo However, the measurements shown were 

those taken over the largest temperature range and generally had the 

best agreement between points obtained during heating and cooling. 

The electron energy dependence of' the sulfur-ion currents is pre-

sen ted graphically in Figs. 16 through 22, and Figs. 2.3 and 24 are 

of' the electron energy dependence of the background s2+ and Hg2°4 

ion currents respectively (all of these ion currents have been 

normalized to 2000 at 74 ev). 



- 32 ... 

Table II 

•;, . Bx sa Ratios 

1.:'1 + 
Temp ox 

'"" + ;,., + s + ~ ~ 
.,. + . + 

(oC) ~1 ... ~6 5 04 . s.,. s2 sa :> - - - - - -- - -116 0 .. 07 o .. t~ 0 .. 74 1.09 o.la.o 1 .. 31 0 .. 97 

124 0 .. 15 0.61 0.68 1.17 O~>lt3 l.)l 1.00 

125 Ool6 o.62 Oo80 1.04 o.L.8 1.44 0 .. 91~ 

125 0 .. 17 0.67 0 .. 92 l.2h o.L.a 1.42 0.98 
121 0.18 0.68 0.96 1.27 0.48 l.L.J l.,Oit 

125 0 .• 18 Oe6h 0.92 1.16 0.46 1.18 --oQV,-
132 O.,l"f 0 .. 65 1.04 1.56 0.67 1.77 1o25 

132 0.17 0.$6 0.98 1.-21 o.M, le,30 o.a1 
1.32 0.18 0.62 0.99 1.,32 o.$6 le51 0.9.$ 
1,38 0 .. 20 o.68 1.00 1.25 o.so l.hl l~~~Ot. 

138 0.,20 o.n 1 .. 08 1.31 0.,54 l •• L.6 Oo96 
138 0.20 0.12 1.09 1.)5 ().52 1.48 Oc~~98 

146 0 .. 21 0.69 1.08 1 .. 25 o.$2 1.4.3 --~-

111 0.21 Oo69 1.26 1.51 o.s1 lo$7 loc8 

lh6 0.21 o.n 1 .. 12 1e25 0.52 1(1.39 0~9:5 

153 0.2h o .. ao 1 .. 18 lo32 0 .. $$ lel2 l.,Ol. 

15h 0.24 o.ao ltt25 lo)6 0 .. $8 1 .. 47 1.00 

153 0 .. 2ll 0.78 1.24 le)O 0.$4 le43 Oo9''7 

15!) 0.2$ Oe79 1e23 1.,26 0.$3 1.37 lo02 

1L.8 0.,24 0 .. 76 1.00 0.99 o.bl 1.07 0 .. 86 

148 Oe2J 0.78 1 .. 08 1.14 O.h$ lr.~l8 0 .. 88 

148 0.2,3 0.76 1.14 1.23 0 .. $0 loh8 O~~o90 

lh9 0.2) 0.77 1 .. 18 1.28 0.$,3 leJ9 1.02 

149 0 .. 2) 0 .. 76 l.lJ le23 0.50 1.35 1.02 

lh9 0 .. 23 o .. n l.U 1.18 1 .. 26 0.,9'? 

1S6 0.26 0 .. 62 1.2,3 1.27 Oe53 1 .. 28 l.Oh 
157 

\ b .. 2$ 0 .. 81 3..21 1.22 o .. ;;l le3) loO:> 

1$0 0.23 0.,80 1 .. 11 1.14 0 .. 48 1.25 0 .. 95 
149 0.23 o .. eo lelJ 1.16 0 .. 46 1.26 0.98 
148 0.22 o .. n l .. U~ 1.,;u Oe56 1.51 1..06 
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Temp s• 

X 

(00) s• 
1 

a• 6 
s + s s• 

h 
s. 

.3 
s. 
2 

s• 
8 -- - - - - - - -1$1 0.2) . 0.11 1.17 1.28 o.ss lobS 1.06 

15]. 0.2) 0 .. 78 1.14 1.22 0 • .$2 1.;38 1.02 
1$.3 . 0.24 0.78 1.1) 1.23 o.so 1.)$ 1.00 
164 0.27 o.a3 1.2$ 1.26 o.s2 1.40 1.01 
164 0.26 0.82 lo20 1.21 o.S3 1.34 0.99 
16) 0.27 o.a2 le23 1.22 o.Sl 1o3S 1.00 
l,h 0.2.$ 0.79 1.1) 1.16 0.47 1.26 0.95 
l$2 0.24 0.19 1.14 1.19 0.47 1.)2 1.00 
16$ 0.27 0.84 1.27 1.2$ o.53 1.34 1.06 
166 0.27 o.B4 1.25 1.19 o.$2 1.,3$ 1.01 
168 0.27 o.B4 1.26 1.20 o.$1 1 • .34 1.01 
1.39 0.20 0.70 0.9? 1.09 0.43 1.2h 0.96 
138 o.:::o Oo73 le04 1.27 o.so 1 • .30 0.98 
176 0.)0 o.86 1.4$ 1.)7 o.6l 1.61 i.o4 
177 o • .;o OoB$ 1.4$ 1.)6 o.60 1.55 1.01 

177 0.,30 o.86 1.46 1.37 o.61 1.ss 1.oo 
184 0.31 o.as 1.)8 1.22 0.$6 lo)9 o.8.3 
184 0 • .31 o.as 1 .. 39 1.;o o.sa 1.$0 l.Oh 
18.) 0.32 0.91 1.;6 1.17 o.s3 1.37 1.01 

183 0.)2 Oe92 1.)7 1.14 o.Sl, 1 .. .34 1.02 

18.3 0.,32 0.91 l.)h 1.1) o.)o 1 .. 26 0 .. 99 
183 0.32 0.,9,3 le35 1.10 o.b9 1 .. 22 1.01 
3.8,3 0.,.)2 0.92 1.3.3 1.11 0.48 1.2.3 1.00 

19b Oo)6 1.oo 1.$) lo20 0.54 :t".3S 1.08 

196 Oo.;6 0 .. 99 1.48 1.17 o.52 1~27 1.02 
196 0.)7 0.,98 l.L4 1.1) 0 .. 51 1.24 1.;.00 

194 o.:n 0.99 l.5h 1.16 0.$) l.,3h 1.0$ 

192 0.)5 0.9.3 1.6.) 1.42 o.63 1 .. 52 1.03 
191 0.)$ 0.9) 1.57 1 .. )7 ·o.62 l.lt8 1.00 
198 o.;6 0.94 1.62 1.33 o.60 1"47 0.97 
191 0 .. ,3$ 0.94 1.66 1.)9 o.64 1 .. $6 1.02 
196 0.,36 0.99 1.69 1.)9 o.6l l.$0 1.06 
191 0.35 0.96 . l.$6 1 .. 25 o.ss 1.)0 ---
212 0.1&1 1-.04 1.91 1.47 o .. 65 1.60 1.01 
21L. o.J.a 1.os 1.92 1 .. 46 0.!)6 --- ---
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Fig. 6. Ratio of s
7 

+ js8 + i s6 + js8 +, and s
5 
+ js8 + as a function of 

temperature~ Electron energy = 74 volts. 
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MU-20863 

Fig. 7. Ratios of 5 4 1" /58+ and 5 3+ /58+ as a function of temperature. 
Electron energy = 74 volts. 
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MU-20864 

Fig. 8. Ratio of s2 + js8-!- as a function of temperature. Electron 
energy = 7 4 voits. 
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MU-20976 

Fig. 9 • -t 
Log of s8 ion current vs 1/T. 

.6. = heating 
e =cooling 
~< = magnetic field adjusted 
Electron energy = 74 volts. 
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Fig. 10. Log of s7 + ion current vs 1/T. 

6. = heating 
e = cooling 
>:< = magnetic field adjusted 
Electron energy = 74 volts. 
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Fig. 11. Log of s6 + ion current vs 1/ T. 

t::.. =heating 
• = cooling 
* = magnetic field adjusted 
Electron energy= 74 volts. 
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Fig. 12. Log of s 5 + ion current vs 1/T. 

6 =heating 
e = cooling 
>:c = magnetic field adjusted 
Electron energy = 74 volts. 
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Fig. 13. Log of s4 +ion current vs 1/T • 

.6. = heating 
e =cooling 
* = magnetic field adjusted 
Electron energy = 74 volts. 
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Fig. 14. Log of s3 + ion current vs 1/T. 

1:::!.. =heating 
e =cooling 
)'_c =magnetic field adjusted 
Electron energy = 74 volts. 
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Fig. 15. Log of s2 f ion current vs 1/T. 

!::.. =heating 
e =cooling 
* = magnetic field adjusted 
Electron energy = 74 volts. 
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Fig. 16. Normalized s8 + ion current as a function of electron energy. 
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Fig. 18. Normalized S6 + ion current as a function of electron energy. 
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Fig. 19. Normalized s 5 + ion current as a function of electron energy. 
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e = 195°C 



en -
.... 
0 .... 
.0 .... 
0 

-c:: 
Q) .... .... 
:::3 
(..) 

c:: 
0 

H 

• • 

1. • 
A 

• A 

-48-

• 
A • 

A • • • 
A A 

• 
A 

Electron energy (volts) 

• 

MU-20869 

Fig. 20. Normalized s4 + ion current as a function of electron energy . 
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It was not possible to obtain all the data without interruption, 

and there were some variations in conditione between dU'ferent days 

and wen during a given dq's measurements. In moat cases· the hot 

slit and container were not allowed to cool to room temperature and 

were kept at appro.d.mately 700c after the cooling system had been 

tumed ott, to encourage ovemight outgassing. However, on one 

occasion., the cooling system was lett en between runs on two sucaes• 

sive days and neither the hot alit nor the sulfur container was 

heated; and, on anotherJ the co2 trap for the dittu.sion pump was 

wanned to retum the trapped mercury to the pump boiler between two 

dayS• measurements. In addition, although during the Wthl.:runs 

the ion gauge pressure readings wore high on the 10 .. 7 mm scale, 

during the final l"lms1 the pressure rea.d.i.rlgs were low on the lo•7 mm 

scale. Further, during the initial portion ot the run made one day 

atter the cooling system bad been left on ovemigbt1 no su.lf'ur :lon 

currents could be found until the containor temperature was l90°C. 

'!'hen the sa. poole: sUddenly appeared, rapidly increased by a. ta.ctor 

of t"t-ao, decreased almost to its initial value, and finally stabilized 

at approximately l•l/2 times its first value. Hotvever, even this 

last occurrence had only a temporliley' effect on t.he ratios, and none,, 
I 

or the other factors had an effect that could be distinguished from 

the usual sca.tter of .data. Therefore, the d.1.ta reported have not 

been segregated. according to these diff'enmoes. 

During earlier nork, it was observed that the s7 • /Sa+ ratio 

became essentially zero (lese than 0.01) at sulfur temperatures 



in the vicinity of 9000 When the sul.tur had not been previously 

mel ted, and the ef'fu.sion orit1ce was 0.010 in. in diameter. At 

no time during any portion of this work were mass p0aks observed 

that would correspond to a sUlfur molecule containing more than 

eight atoms. On $everal occasions the mass-spectrometer sensi• 

tivi ty war. increased and the higher-mass spectrum was ca~ 
! • 

scanned, 80 that an ion cun-ent mnaller than the sa ion eu:r:rent 

by aaveral ord~U"S ot magnitude would have boen observedo A large 

ion cu:rrent was observed at mass 321 but the difference between 

the readings obtained vi th the shutter open and closed was a.llra,ys 

quite sr.ta.U, ant therefore the size of the s32 + peak was teo un• . 

certain to report. 
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DISCUSSIOI~ O.F UESVLTS 

![~leeular S;,Jeoi,e? ,ip Sulfur ,V;.£2£ 

The tc'lajor enie;,."OO encountered in interpreting these data results 

£rom the ability of' the ionizing electrons to £1"ngmsnt a molecule • 

.A typicml t'rag,m.entt~tion reaction 1S 

(1) 

and thero :.i.s no a priori reason t,o disregard any o:r the anal.gous 

reaet.ions. In fa.ot, e.s is the eese w:.th son10 )lycroearbons, · ionize.• 

tion without fr&gllJGntation may nevur be oboel"'Ved. In addition, 

there is the possibility of moleettlar (or ionic) additions. For 
. 4o 

example., the u3 ion has; been observed •. Thus, the ~istence or 

&bsence or an ion peak ®es not in itself answer tbo question, "Is 

A method o£ avoiding the amb1gu1 ty infiUced by these reactions 

is to introduce 1mown q'Wlnti ties or each CO'!ftPOnent of a mixture or 

gases independentlY tor calibration purpose~;. 'l'hen, td th this 

infor.mation, analysis ot data obtained !rom tho mt.x·~ura would be 

strait_t,htf'onmrde HOt-ioVer, in this etudy separation or each eoraponent. 

ot the 1nixtura of molecules was not po,ssible$ so that it was nooessa.r;y 

to Obtain all Of tho :lnf'O:nillation pres:Gnted. in l''ig.- 6 through 2.3, in 

'l'hero is stron" evidence for the exilfltence of an sa moleculeo 

Sinco no moleoula contsining zllore tl}a:al eight atoms \tns observed, 1 t 

does not. seem likely that the large S{~+ ion currents cCT~d result 



,_ 

£rom fra&'lltentation of molecules containing more than eight atoms. 

Also, because the low vspor pressure of sulfur 1n the ionization 

chamber -woul,d not be conducivt:~ to the occurrence of addition reactions, 

there is little probability that an appreciable number or ions woUld 

be i'o:nned by this proce.ss. In addition, s:inoe sa exists in the solid 

and the liquid, it would be. quite surprising if it t.rore not also found 

in the vapor. 

+ + 
Sinc-e it was observed that the S-r ;s

8 
ratio approaches zero at 

+ temperatures belolt the sulfur lilelting point, the entirG s
7 

ion peak 

can bo attributed to ionization of s7 molecules. Supporting evidence 

tor s7 not resulting from ;fragmentation of sa is tbat the temperature. 

dependence of the S7 + ion differs from th2,t of Se + (See Fig~h 61 9 and 

lp) and that the appearance potentials of the two ions are essentially 
' + . . 

identiealo It s7 originated from fragmentation of sa, it would have 

the sa:me temperature d.ependenoe#, and its appearance potential lltOuld 

reflect the energy of the fragmentation reaction b,y being greater 

than that of sa+. The possibi~ty that a molecule oontcining more 

than eight atoms is a parent ror the s7 ... ion is quite slight., because 

the S7 +/Sa+ ratio increases tdth temperature (Fig. 6) and if a mole.c:ttle · 

containing more thrui eight atoms existed, its importance t-\'Ould be 

. . + expected to decrease as the telnperature increased, so that if s7 
. + + 

derived frQtll such a molecule, tho temperature dependence of the s7 ;s8 
ratio would be opposite to that observed. 

There is also adequate evidence for the e:d.stenoe of an s6 
molecule in the equilibrium vapor., The slope of the s6 •;s8 + ratio 



as a function of tertlperature (Fig. 6) 9 and the fact that the appearance 

potential of s
6 
+ is approx:JJn.a.tely the same as t~t ot s8 + indicates 

that s6+ does not result only fro~ fragmentation of sa· the coincidence 
+ . + 

Of the S6 appearance potential with t:that of s7 is evidence that the 

+ total s6 ion current cannot be attributed to fro.gm.cnution reactions. 

+ Also, in order to attribute the total s
6 

ion current to fragmentation 

Of s8 and s
7
, it woW.~ be necessary that fri.J.groonta.tion Of s7 to yield 

+ . . . s6 be eeve:rtll times as probable o.s ionization oi s
7

, which does not 

SeO.!'il liktl'lly 1 particularly when the COITespondJ.ng; fragt'ltenta.tion of Sa 

. to s7 + is not <ibscrved, :tn e.d6i tion, the fact tha.t solid allotropic 

sulfur has betn identi:t'ied as s
6 

by Donohue et al.17 adds credibility 

to the existence of an s6 :molecille in tha vs.poro 

Because the appearance potential of SS' + is appr.o.x.inlately the 

t !. I. f. s + ... + + . . 
5;0.1110 al.S ll.S.'v 0 a 1 ~1 I and S6 J. and b,aCU.UL~€i :1. t 1£; Ulpi'Obnble ·that 

the m.1.rked. increusa vdth temperature of the S~ + /S + rntio is due to 
~ 8 

fragm.~"lr.ttation Of 37 a.nd S.q it, appenx·a that there al.:7iO ex.i.sts an s~ 
0 .,"1 

tuole;<mle .i11 sulfur VJ.i.poro In addition.~~ th~;~ observation that t.he heat, 

ot vv.poriza.tion of S:s + is 17 .7 .. kct!l (li'ig. 12), even thou;j1. a l$rgo 

portion of th:i.s ion cu.n·ent crises from fl'O.ii;lll6:!lt1J.tion o£ sa (l5.5 .. kc;g~), 

supports the arg1lJlliO:nt for the ex:l.st.t-.l'lCe of ~J. St·' molecule. 
;> 

AlthOU!Sh the eJd.stemcc of s4, 83, and s2 molt"!CUles ~annot be 

disproven., the d.-ata Glrl.te strongly suggest that the:y are not present 

in appreciable co·neentrntionr» in the equilibri.unt vapor belotif a~.0c. 

The tdJm,perature dependence of the ratios of the 1.ons eor.~. .. cspr:mdin&; to 

therJe :n'loleeules ct.tn be quito easily e.xplaiucd in ttl.'lrL'i.G ot fragmentation 



. + 
ot 8-r, s6, and ss, and the higher appearance potentials for the \ ' 

83 •, and s2 + ions, in addition to their apparent heats of vaporization 

being nearly identical with that of sa, are rather conclusive evidence 

£or the belief that these lighter ions appear solely as a result of 

fragmentation reaotionso The value of ... _5.122 for log K given by Stull 
18 

and Sinke for s2 leads to o. calculated pressurB o£ s2 three orders 

of magnitude less t,han for Sa at ~00°K, which is consistent. with the 

~tatement that s2 is not present in appreciable concentrations bolow 

2.J.4°Co. 

Quantitative Com~oS:t:t!on of Sul~ VapO£ 

In addition to the ambiguity resulting £rom fragmentation reactions, 

tha quantitative interpretation or mass spectrometric data is eornplicated 

by :the facts that the probability of ioniz-J.ng a. molecule (ionization 

cro:Js section) is not the same for ill molecules~ and that the eecondt:!r.V' 

emission of the first dynode of the elecrtron multiplier, j.n our case, 

was dependent upon th~ velocity of the impiragin,g ions. ~~th a constant 

accelerating voltage~ the velocity of sn ion is mass dependent and, 

therQfore, so is the gain of the electron nultiplier. (See Ingr8ha.m. 
19 . . . 

and Ha,yden for a full discussion of factore .a.ffecting the gain of an 

electron multiplier.) . 

In the absence of calibration. information, it is desirable to 

a.tten~pt to determine the quantitative composition of sulfur vapor by 

combining these data with the results of other v~rkers. Unfortunatel¥D 
4 

the vapor density measurements by Braune et al .. , the partial pres• 

sures of S8 .ealeuls.ted from the ther.aodynamic i\m.ctions given by Guthrie 

et al,,S and the vapor .. pressure measurements by West and 

Menz1ea6 represent the totality of the usable available 1nfar.mat1on •. 



as a function or teraperature (Fig. 6) 9 and the !act that the appearance 

+ + potential of s6 is approximately the same as ths:t or s8 indicates 

that s6+ does not result only fro~ fragmentation of sa· the coincidence 

or the s6 + appearance potential 14th !':that or ~7 + is evidence that the 

+ total. s6 ion current cannot bo attributed to frs.gmGntf?-tion reactions • 
... Also, in order to attribute the total s

6 
ion current to fragmentation 

ot s8 .and s
1

; it woul~ be necessary thAt fragmentation of s7 to yield 

+ . . s6 be several times as probable as ionization oJ s
7

, which does not 

seam likt~ly J pn:rticularly tmen the correapondi~1 fragmentation of sa 

+ 
to S7 is not observed, In ad61 tion, the fact that solid allotrop1Cl 

suli'ur has bElOO 1denti£:led as S 
6 

by Donohue et a1.17 adds oredibili ty 

to the existence of an S6 :molecille in tha vapor. 

Because the appearance potential of SS + is approximately. tho 

same as th.a;t of. sa+' s7 +' om s6 + J and becaut~Ei it if.; itriprobable that 

the marked increase vdth ter.nperature of the s
5 

+ /$
8 
+ ratio is due to 

fragm.l!ilritation Of S7 and S61 it, appeax•a that there also ex:i.sts an St:' 
. ~ 

DtOle<::ule i1:1 sulfur V!'l.pOro In addition.fl the observation that the heat. 

of vaporization of ~!t :i.s 17 • 7-}rcal (li'ig. 12), even tho~1j1 a large 

. portion of this im."l cu.rr·ent arises froril fl'O.jf."!ll(t•.nt;;.tio:n o£ sa ( l5 .• 5 .. koal)" 

supports the erg'llll~t:~nt for tha eoci.stt>..a.tce of a St" molecule. 
:;.i 

Althcnttsh the existence of s4, s
3

., and s
2 

molw.!ules cannot be 

d:tsp:rove:n, the d.'lt.n quite strongly SU{!,gost that they are not present 

in appreoi.e.ble conce:ntrations in the equilibrltm\ vapor below a~.0c .. 

1'119 temperatura dependence of the ratios of the 1.ons corresponding to 

thetse n'iOlecul(~S C$n be quite easily explained in ter.m.s ot fragmentation 



• S7 • 

ot &r• s6, end ss• and the higher appearance potentials tor the s4+' 

83 •, and s2 + ions, in addition to their spparent heats of vaporization 

being nearl:' identical with that ot sa, are rather conclusive evidence 

lor the belief that these lighter ions appear solely as a result of 

fragmentation rea.ctionso The value ot -.$.122 for log K given by Stull 
18 

and Sinke for s2 leads to a calculated pressure of s2 three orders 

of magnitude less than for sa at $'00°K, tmich is consistent with the 

~tatement that s2 is not present in appreciable concentrations below 

2.l4°do. 

,9uan~itative Composi~~on, o,r Suli'ur Vapor 

In addition to the ambiguity result:tn@; from fragmentation reactions, 

the quantitative interpretation or mass spsctrometric data is complicated 

by :the .facts that the probability of ioniz-lng a molecule (ionization 

oroas section) is not the same for all molecules, and that the esoondary 

emission of the first dynode of the electron multiplier, in our case, 

was dependent upon th~ velocity of tha impinging iona. With a. constant 

accelerating voltage~ the velocity of an ion is mass dependent andg 

ther~f'ore, so is the gain of the electron multiplier. (See Ingraham 

and Hayden19 for a full discussion of . .factors affecting the gain of an 

electron multiplier.) 

In the absence of calibration. information, it is desirable to 

attempt to determine the quantitative composition ·Of Bul.fur vapor by 

combining these data with the results of other 'lriOrkers. Unfortunately, 
. 4 

the vapor densit.y measurements by Braune et a1., the partial pres• 

tmres Of S8 ca.loulated from the thermodynamic functions given by Guthrie 

et al,,S and the vapor-pressure measurements by West and 

Menz1es6 represent 
1
the totality of the usable avail.a.ble information. 



.. 

As the vapor density measurements by Braune et al. were not 

extended below 3S0°o, the lower temperature ~.rtial pressures that. 

I 
they reported tor sa, s6, 54 and s2 were obtained by extrapolation. 

In order to obtain values of the vapor der.si ty e.t low temperatures, 

it was necessar.y to recalculate their date to give n (the avera3e 

number of atoms per molecule) aa a function o£ temperature, ldlioh is 

presented in Fig. 2S.·, That n appears to approach 7.$ instead of 8.0 

is most likely a result o£ neglecting the presence ot 57 and ss· . .. 
Therefore, n was extrapolated !rom .).$0°Q as shown by the dashed line. 

this extrapolation does not provide accura.te low-tetlperature values 

• for n, but does provide an u,pper limit. The partial pressures of 

sa tro.m Guthrie et al.' which do not provide new information, as 

they are basad on the work of Braune et al., are pree6nted along 1st.Lth 

the vapor pressures from. We at and Uenzies in Fig. 26. 

I£ it is assumed that the ionization erose section is proporticmal. 

to the number of at.cma per molecule (i.e. equals the geometric cross 

seet1on) 11 and that the gain of the elect:ron .multiplier is also proportional 

to the n'Wilber of atoms per molecule, these two >F.~f.fects cancel each other 

and the ratio ot s
7 
+ to s

8 
+ is equal t.o the ratio of the neutral luolecu.lGs. 

Then, the ini'orma.ticn in Figs. 2$ and 26 can be combined with the s7 •/s8 
+ 

ratios to calculate the co1upoei tion of equilibrium sulfur vapor !rom the 

following four equatiomu 

a * b + 0 + d 0 l.oo .. 
8a + 7b + 6c + Sd o n 

(2) 

(3) 
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Fig. 26. Log of vapor pres sure as a function of 1/T. 
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(4) 

(5) 

(a, b, c, and d are the iTactions of S51 871 86» and S; respectively). 

l'he dat~ necessary for calculating the oomposi tion at 120! 1$01 115; 
' 

and 200°C is oompUcd in Table III. 

Table l!I 

Data for Calculation of Sull'ur Vt.ipor Composition 

'remp ... 
s + s + s ~ - p Ptota.l 7 6 

p 2 u 
n 

sa eEatu:re s + s 8 
+ s + 

. { C) 8 8 
Aveno.atoms (mm.) {mm) 
---niOieeuie ..... 1 M !A w; iii!.IILCA& --

120 Gl6 o67 .ee? 7o80 .028 
150 .24 .ao lol9 '/e7J Gl, 
175 ·.31 o90 1.48 7.67 .so 
200 • .38 1.oo lo76 7.61 1.60 

However, whe11 the 200° value of 0.13 for •1a 11 from Eq. (5) was 

combined with ~1e 0.38 s7•/sa+ ratio according to Eq. (4), b was 

calculated as 0.28, which conflicts W'lth Eq. (2). Another contra-

o037 
e20 
.66 

2.20 

diction was observed when b» c, end. d were set equal to 0.27, 0.0 and 

o.o respectively to not conflict with Eq. (2) 1 as the value calculat.ed 

for ii by' Eq. {.3) is.'( • ~3. 
--... 

Tbis incousisteney among the data in 'l'a.ble III 1 and vrl.th the 

qualitative evidence !or the existence of S6 and s5, is probably due 

partially to ina.oouracy in the partial pressure of sa, which was 

obtained by asS'UlJ1i.n« that the vapor consisted or S.,: m:d :36· only. 
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Also, that the values of "a" from Eq. (5) at 120~ 1501 175 end 20000 

are o.·/6, o. 75, o.r(6 and o. 73 shows araazing consiatcncy, which is 

incompatil>lo wl th the expectation of a d.eereasinc percentage o£ s6 

with incrcesinc ter.lp6t"ature. Admittedly, the values of n given in 

Te.ble III are tlot prc;cise, but since these valuos are &n upper limit~ 

any atte;npt to ;adjust n to re~uove the contr~.ciietion would be inde£ensiblee 

Therefore, it 'troS ded.ded to attempt to arrive at the quru1titative 

composition of sulfur vapor without recourse to .1!44> (!.))., If first 

S0 then s6, is S.liH3U!ned equal to zero, Eqs. (2), (.3) 1 and (4) should 
~ . 

provide upper U.m.ita to the aotlltll percentages of s5 and S6• and lower 

lifl'dts &S well as l.qJper liudts for the tractions ot Sa and S7o . 

Calcula-tions made on this basis yielded the d1aeoncert1ng results that 
I 

when S!) wo.s set equal to zsro, s6 wna nmn.zin:;ly constant at l.% 1 4%., 

6%, and 6% at 120, lSO., 1'($, and 200°C, and when s6 was set equal to 

zero, the corresponding values for s5 t;ere .3% 1 )%1 3;g!l and 5~~'* 

~t'h.at ouch results :.1.re incompatlb1o with both. the e:x:perl.roontQl 

evidence and 1:.he expected behtlv:lor for s6 a.rd s5 iG evident, and so 

the assW!!pti·ons upon which O:q. (4) ia based v1ere scrutinized and the 

relationship -was ret·:rl t ten a .a 

b/a. • o 1':' "'Is + 0 7 t} , (4a.) 

where C is o. constant tbat cot•ld. be detJer;nined ~:)erimentu.lly~~ In 

the ~H~scnce o.f apecl.t'io kno~tilcdge of th~ value of c, it VtlS quit& 

arbitrarily Get ~qu&l to 1/2, and,, i:;:l.th fil'St S5 O.Ud then 36 CS$\Ufied 

e>qual to zero, but tbi,~ tir:tc usint; Eqs. (2), (3) vnd (J~a), calculntic>ns 

and 200°0., 'l'he rosults outnined by ti:t:is calcu1ationJ which nppear 

rea~onablcJ are given in Toble IV. 
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Tai..·ls IV 

Cortposition of sulfur vapor from Eq. (2) 1 (3), and (Ln) 

-
Sa:-r.sO se,O 

.; 

'l'omp- sa s. s6 se 37 
erature {%) d> (:G) (%) (%) coc) 

... 
120 86.5 6o9 6.6 88.6 '( ol 
l$0 81.6 9.8 8.6 84o3 10.1 
175 11.5 12.0 10.$ 80o7 12"~ 
200 '().$ l4o0 l2o$ 71o2 l4o7 

Hotrover, the ph,yoicttl sieniticanoe of C o l/21 is that the 

ionization cross section of s
7 

in much lareer than thnt o£ $31 or 

tho Clcotron H!Ultiplicr iS l>lUOh ll\Ore cf.fioient for s
7 

than Sn_, Or 

$5 
(~~) 

4o) 
So6 
6o8 
8.1 

both or thooeo Sinco thore is no i:.asis for either phenomenon, even 

though the assu. .. ption of C e l/2 roaults in o. rcasons.bly consistc.."lt 

oompewit~on tor t.ml.fu.r v~!)al"~ tho Jllolt or pl11usibility or this assu .. ~ption 

do~s not parmi t the end 't:.o .:1 uotif'y the uc~liH.l. 

:!.'he other f)O~!Otlb111ty tor nrrlving nt th~ \'itWttitt\tive cou!;,Josition 

o.t: sttl.fur vapor ia to estlrn:.1to the traction t~t the $,:• and. ~)t/. ion 
v .,. 

cttr!'enta attr1uutn.t~lo to i'r.ngr.tantation reactions. If it is nssu.iucd 

that, since ).ltt:.le ot no s.
1 
+ Dl:'ioos i'l"Olri fx•At;ment.at1cn ~f Sa;; tlOtfG of 

the $0 + ions Occur· 413 a l'OSUl.t t>i' fr~t;rnent~.tion Of $7& the tn~i!ll\llll p~r• 

ccmta.go or s6·1' that is duo to t"rtJ.gtuentntion of sa is 6?. On thie basis, 

the S6 +/Sa+ ratio can be wrl.tten a.s 



-64-

(6) 

which yields c • Oe33a at 200°0. This result, combined with the data 

in Table ni by Eqs. (2), (3), and (4)1 and on the assumption or ~ • 01 

leads to n .. 7eJ3, which is even lower than the value obtained by the 

extr~polation of Braune et alo, and wou~d be still lower if a non-

zero Yalue ot s5 were used. This inconsistency is &'luogous to the 

stralf that. broke the camel's back. 

Because it does not appear possible to combine the resultti of this 

work with those o£ othel" studies of sulfur vapor without either having 

contradictions or having to make dubious assumptions, the final (~fort, 

to establish the quantitative composiU.cm is totally basad on t.he data 

b, c,. .m1d d, Eqa. (2) 1 (4), and (6) JJtust be a:ugr3ented by a fou.rth rela

tionship. lts .E;q. (6) provides a lol'rer limit to the no:o.f'rag:mcnte.tiol'>. 

portion of the s6 + ion curre.."lt1 ~.n analogous rela:l:.:lonship for S5 'C'sould 

not be inconsistent • 
... 

l'he Sc:: ratio can be tri tten a:!! 
. ~ . 

s5 •;s8 + e (d + Aa + Bb + cc)/~ , (7) 

where A is the fraction or sa .fragment:tn.g to yield s, +I and B and c 

have ar...alogous definitions td·bh .. respect to s7 and s6• lf d. is e . .ssumed 
' . 

and C is equW. to zero for the same reasons the s7 frs~gmer.~t~t..t.ion to 

yield s6 + \>.'US rteJJl_ected., and it, is assumed th."it the fraction ·of s
5

""' that 

results from f'ragtuentation 'of s
7 

is U1e sruao as thRt <tssumcd i.'c.r s6 + 

deri.ving ft"'m s8., it is possible to use the 120° data to evaluate A~~~ 



This calculation for A and the above assumptions for B and C result 

in values o~ 0~~~1$8 0.,6?J and OaO for these three constants~ and Eqo 

( 7) becomes 

(7a) 

The results ob·ts.1.ned by using Eqa~ (2), (4)~ (6) 1 and (7a) to 

calculate the composition of sulfur 1tapor are presented in Table V. 

Also included are values for n obtained by F.qc. (.3)~ 

Te.ble V 
- ' I 

l *"-

Composition of sulfur vapor .f:r.·om Eqso (2)~ (4)., (6), (7a) 9 and (3) 

Temp
eratt~re 
.(oc) 

120 

150 

17S 

200 

- -

(%) 

-- - - 01 

86 14 oa 

60 15 8 

49 lS 11 

LJ. lS 13 
' - ;..,.,...,.... &Wii44!i&J: ... .... *'* 

.... ~ ...-:-.: ........ .. Ill& • ., ·,--
,....... :II ~ l T 0 ......,.,.. Pfi f ._ ... 

Bs 
(%) 

-
oa 

17 

2$ 

.31 
.. -

... , n 

.A v .no. &.tom.s 
Qj1t Ill N ( f""CJ., 

molecule 
- t ....... 

7 .. 86 

7.18 

6.88 

Untorttmatel:.r, the results presented in Table V only ·se:Mre to 

.further :Ulus'Grate the funda:rr.ental conflicts that arise. The coru.stancy 

of tha s7 percentage is not indicative or these data,o aild the vaJ:ues of 

n and ot tho percen'"age o:t s8 are not tdtb.in the :moo..'"i."Wla error of 

external data.. 

The most pla.usable quantitative composition of sul..i'lll" vapor is 

that gi"<l·an ~Table IVb tmere the actual percent~ges of s6 and s5 are 

probably about one half or the values. presentedo These eomposi tions 

do not seriously eont'lict with tllX'Cemal data snd are indicative o£ the 

results of this work. 
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~ppearance Potentials 

The appearHnco potential data, Figs. 16 through 2L, are relatively 

Ullru"Jbiguous. from. the Hg20h appeare.nce potential of 10.75 to 11.0 ev 

(!i'ig. 24) it is pos~lible to state that the contact. potent.ials are +OS 

.'!.0•2 4.W1 enrJ thu.s corrections can be made to obtain the ionization 

potentials of the sulfur ions., The tto10 interc~epts extrapolated from 

the straigbt-l:tne portion of' the Hg20h appearance-potential plot. serve 

to .fix the error, cttused by the uncerta:i.nty of the exc.wt position of 

the extrapolatinr; line,. <:s !.. 0.15 ev. 'i'he larger uncertainty of' the 

... .... + 
e:x.trapolation for the s3 and .;.2 appee.:rance potentials ia probably d.t.te 

to the dif'ficrJ.ty eneounterad in llJ&intal:ning propel" l:ocusi.ng: of these 

low llLB.Ss ion-cw:·rerrt peal<s. 

The io.n currents wel"e no:rraalized to preclude d.ependet\CS ().r the 

appearance potent.iel on the ~.bsolute I'IL:'itgnitude of the current.. t~'han 

normormal:tzed ion curi·t~nts were plotted as a. function of the cle<:tron 

energy~ the de.t.a obtained at l,SOO did :not coi.nc1.de "tdth t~1o·so taken ~d:, 

195°, and the eol:-:respond.ing appeara:nce potentials differed by· appro=r.-

ima.tely o .. ; ev. Although a plot of lo~;;: i versu.s the electron enerc;s 

prov:tdes a ste·c·per ~1lope of the int-ercept line than a linear plot~ 

the:re; is the di.sad.varrta.ge itl use oi' the log i plot of not be:ing able to 

e:r..t:rapolate to zero ion current. And, since the contact potential 

correction aotu.ally includes eZ"rOI"s resulting from inaccuracies inher<:mt 

in the method used, the essential requi.remont is that only ~Jsteril.Stio 

errors be introd1JCed, mid it is believed tt.at tbis 1~r:a achieved. In 

to be 10.3 ev and the sulfur appearance pot(·H"ttials were all lower than 

those reported here by a cot•respondi.tJ:" amount. 
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. + 
The dif.fere."lces between the appearance potentials of s8 , 

+ . 
and s5 arc virtually td.thin the probable erlrapolatio11 error, 

evidcmtl;r all four ot these ions have essentially the same appearancG 

potential, '~hioh can be expressed a.s 10 • .3 ! Oo2 ev. Correcting for the 

contact potentials, and adding the uncertainties, giveE? an ionization 

potential of 9.0 ! 0.4 ev, tdrl.ch is o.s ev less tha.n the lOo) ev first 

ionization potential accepted for atomic sulfu.r.a 20 

+ + + The ~ppoo.rance potentials for s4 , s3 , and s2 or 12.61 13.2 to 

14.0, and l' to 15l)5 ev respectively, cannot be converted into ioniza .. 

tion potential.s td.thout knowledge of the energies required for f'ragment-
1> 

ation. It ~-as hoped that since the backgrour1d s
2 

ion probab~ resulted 

principally from. ionization of a s
2 

molecule, it ld"Ould be possible to 

determine the .fragr:tentation ener~ portion of 'the appearance potential 

of the net S 
2 

+ ion peak,. Unfortunately, the appearance potential of 

12.8 to 1.).2 ev for the background s
2 
+ ion is-quite uncertai.n, and 

eve11 though there is evident~ a real dif.i'erence between this appear-
+ . 

ance potential. and that of the not s
2 

ion, a value of more than J ev 

(approxiroately 72 kcal) would represent an extraordinary fragmenta-

tio11 energy and rm.1st therefore re-flect a nonrandom error~ 

A nonrandon1 error ~?OUld reau.lt if' the energy of the electrons that 

ionized the background s
2 

molecules u-a.s different from the energy of the 

electrons that produced the nat s
2 

+ ions. And, because the s
2 

backgrou."'ld 

molecules most likely originated frora thermal dissociation of la.rger 

m.oleculos at the hot fUrunent, these molecules could be ionized by 

electrons tr.at had not been affected ey the negative dra\trlng out voltage, 

and wh.icb therefore uould r.ave more energy. As noted previously, the 
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+ + + higher appearance potentials of \ , s3 1 alld s2 were most use!ul 

for establishing that these ions result from fragmentation reactions, 

although the magnitu~e of the di.tferences trom 10 • .3 ev mq also be 

attributable to !ormation of these ions by thermal ~aociation. · 

Heats of V:s.pori~ation 

The heat of vaporization of Sa1 as determined from the slopes ot 

the plot or log i versus 1/T in Fig .• 9; is 1$.2 to 15.9 kcal. The data 

could not be titted by a single ·straight line1 but the degree of 
~ • r' 

reproducibilit7 of the experimental meaaurements would make useless more 
. ' 

sophisticated tres.tments••such as ritt:tng the points with a curve and 

determining the slope of tangents to therurve. On the basis of the . 

differences in the heats obtained from the tt<10 slopes, an error limit 

of * Oe3S kcal would be appropriate, but results. obtained by calcula

tions for other heating ani cooling curves were sufficiently divergent 

that to reportt\H = 15 .. 5 t 2 kcal is not pessimistic. The value of AB 

obtained from the elope of Outhrle et al •s sa vapor pressure data? is 

18.5 koal1 from 'West and I>ienzies' total vapor pressure data6 is 19 kcal.9 

snd from stull and Sinke16, by third law calculations 1 is 20 koal at 

400°.!: and 16.7 keal at ·soo°K. 'l'he l0tr1 value of the heat or vaporization 

obtained from Fig~ 9 could be due to sane essentially constant contri

butions to the molecular beam from an extraneous source. 'l'hio possibU-
" 

.it.r is discussed in more detail in the next section • 

The 18.4 ... keal heat of vaporization !'or s7 (Fig. 10) is some'What 

higher than heats obtained .from other cooling and heating curves for 
+ . 

s7 j but the over-all reproducibility was rather good1 so that 18 t 1 

kcal. represents these data quite well~ That the heat ot vaporization 
~ . 

of s7 is higher than that of sa is precisely \hat is to . 



be e"-peoted for a species that becomes more ilnportant as the temperature 

is increased. !'he absolute magnitude of the heat ia not cortein1 but 

its relationship to the s8 heat is probatly accurate$ 

The heats of vaporization of s6 and s5 from Figs. ll and l21 and the 

atte.ndatlt uncertainty deduced from all the cooling and hea.ting curves, are 

16.o3 + 2 kcal and ,17. 7 + 1 kcal. These values can only be construed. 21.s - .. 
lower lir.dts1 because of the unknown .fragmentation contributions to the 

meaS1.Lred ion currents G 

~'hat the S4 and the S2 heats of 15 • .3 and 15o2 koal (F'iga. 1,3 and 15) 

are ~11 within the accuracy of tl'J$ 15.5 kcal s8 heat indice,tes that tl'lase 

ions arise primarily from frr.1gr.1entation or Sae 'fhe slightly higher value 

or 16.5 kcal for s3 is pt•obably due to contr·ibutions frorll fragmentation 

of the other three neutral molecules. 'I'hereforo, these heats cannot be 

construed as heats of vaporization for tho respective neut1•s.l ruolecu.lcs. 

\ 

• 
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GEimRAL DISCUSSION 

This Work 

The most disconcerting aspect or this work was the inconsistency 

of the absolute values ot the ion currents and the irregular behavior 

of the s,+/sa+ ratios •. Although the valuea of the ion CU1Tents at a 

given temperature wuJ.d generally become constant one to two hours 

a.t'ter a day's measurements were begun, when the same tempe~ture wae 

reproduced on a subsequent day, the .constant values the ion Cl.U:"l'ents 

reached would be al.inost 1nve.r1ably lO'We:t't For exampl.e, the Se+ peak 

heights, which shoved a downward tt"end tbroue;bout thia series of 

mea.suremente $ normally would decrease dUring a run to a stabUe level 

tl1at, would be as little as 2/3 ot the initial level; although there 

vas one dJJ:1 during wb1eb the peak heights increased and two days 

during which they did not Chan8e· t'fhe sa+ peak heights consistently 

decreased betwen ea.ch day's measurements, with the greatest decrease 

(by a factor of l/2) occurring at tb@ beGinning of one of tbe days 

during which the peak heights remained constant 1 a.nd following the 

cooling ayetem • s being l(Etpt in operation overnight. 

'!'he sx +/sa+ ratios~ which were calculated in order to norma.lir.e 

all peaks with reopeet to tlle sa+ pealt, did not ebow eny consistent 

increue or decrease, but did vary £rom day tQ day. For example, 

the low s5 +/Sa+ ratio a between 183 and 196° (Fig. 6) were almost a.U 

obtained on one ~Y' 1 while the higher v&lues in the sane ~ture 

range were obtained ,on the preceding day and on the f'ollo•d.ng day. 

':Co investigate tw..Y trend in the ra.1•ios, the temperat-ure ot the sulfur 

source wa.a kept constant tor severa.l. hours on the days just pre• 

ced.irls and just following the cooU.ng system's being left on overnight 1 
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but o.l.l the va.J.ues oi" these ratios coincided within the accuracy of 

the measurements. 

A laclt of reproducibility was cba.racteristic of tUJ. the measuren:onts 

made during this st>Udy. It was expected that the fragmentation pattern 

f:or sa coul.d. be obtained from the values of the ion currents at a.pproxi• 

mately 90°) as the vapor should be ;pl"edominan.tly sa at this temperature J 

but even though theoe deta were useful for determining that the S., +/sa+ 

l'*t::\tio approached zero, ,the variation of tho s5+;srj'r :ratio from 0.62 to 

L24 and of the s6*js8+ ratio from o.u. to 0.45 made any !'ra.gmentat1on 
\ 

e.ssigtunents itnpossible • 

A pro1;a.ble OJ<g;Jla.."l¢!l.tion fo:t· some of the laclt ot reproducibUity 

is that a r..ortion of the moleculro.· sul.t'ur beam entering the ioni~tion 

chamber dirl no·t, come directly from the sulf'w. .. container. ~e.se mole ... 

cules coUld ha.ve con1e from an anth:t,ll .. lilte deposit of' sulfur that 

was found on the bottom .of ;~e copper disc closest to the sulfur 

container vhen the source was disna11tled. ~t· the conclusion o:f' this 

~rork. The anthill 1m.s a.ppro~ima.tely 3/8 ill. high and 5/8 in/ in 

dia.m¢tt'lr, and its hole dia;m.eter "ras about l/16 in. The position of 

this b'Uli'ur deposit ·tog<:ther with ~che g-eon:~try o:t" the slits, 1-rould 

make ·che prohabU:Lty very loi:..r that a m.olecttle trould evaporate from 

the arrthUl and enter the :tolliza.ti.on chamber without im;pinging on a. 

cold COJ?ljer sur.t'ace. &wever, the observation that the level of 

the ion currents generally decreased .for several hours at the 

beginning of' eacb day's run, and that no decrease was observed 

during the ooy a.f·iier the cooling system ho.d been in opcro..tion 

ability that a sul...""ur molecule could impinge on the cold cop1:>er and 

• 



be reflected. 

As the reflected po~ion of the moleeular beam that effUsed 

from the sulfur conta.iner would contribute to the sul.fUr vapor within 
1 

the source, the magnitude of this background presS1.'1%'e would be ~

pendent upon the temperature of the container 1 as well as upon the 

size and temperature o:t: the deposit e.nd upon the length of time the 

cooling system had been in operation. 

The existence of a second aource of sulfur vapor within the 

oven-alit system would not 1 however, e.xpla.in the over-all decrease 

in the levels ot the ion currents with tt.me. Nor does it seem 

likely that growt.h of the antbUl could e.coount for this dearee.se.1 

as a l/16 in. hole wuld. have a neglil3ible oollimating effect com• 

pared with that of the O,Ol35 .. in.•diameter hole of the bot slit. Also, 

the anomalous behavior described previously--that is, that no ion 

current was observed until the temperature of the sulfur container 

had reached 184° at the beainning of one run·-io moat liY~ly attrib• 

utable to complete plugging of the copper sllt by the sulfur deposit, 

Therefore, it does not appear that the size o£ the bole deoreo.$ed 

with the regu.l.e.rity required to explain the consistent decrease in 

the level of the ion currents. 

The most pl.auc:Lble explanation for o.n over .. aJ.l decrease is that 

the first dynode of the electron multiplier became contaminated by 

sulfur and that the gain of the mu.l:tiplier decreased as the degree of 

contamination increased. Because of the coincidence of the cooling 

and heating points (Figs-. 9 through 15), it appears that the re.te of' 

contal'nina.tion of the first dynode could not be rapid, ('ntis co

incidence of' the heat:i.ng and cooling data .also served to indicate 
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that the temperature measurements were reproducible and that thermal 

and chemical equU1br1um were atta:l.ned,.) 

The existence of a seconda'ry sulfur source and a continuous 

decrease of the gain of the electron multiplier provide an eX,Pla• 

:nation f'or tbe observed behavior of the levels of the ion currents. 

The irregularity ot the sx+;s8+ ratios in the wrk reported here, 

can be attributed to the affects of the seconds.ry sultur source. 

However) the var1s.t1ono of the ratios between samples ·are not ex• 

plaine d .. 

~ lactt of reproducibUity did not &ftoct the quaU.tative · 

interpretation ot these data, but did seriously hamper attempts. to 

present quantit$t1ve infol"J1lettion. By obteJ.n!ng cooling•and.•beating 

and e.ppea.T$llce-potential. data · consecutivoly, e.nd by choosing tho 

htgber values Of the ratios to . represent these data so e.s to minimiZf.' 

tbe ·inclusion of contributions from the low tem.pera.t'Ul"'e· sultur 'vapor· 

within the source, some of the etteots of the lack of· rep:odl.v:i~oU:lty 

ven excluded. 

Other vlorlt 

The only work tbat appears unquestionable is that of West and 

Menzies, and it ve.a a. pleasure to t'ead their artiale and learn of . 

their pa.ineta.king efforts. 

The thermo~ a functions from Guthrie et eJ.. vbich o.re based 

on the assum,pt1ol:l8 ot Braune et ale thet only Sa and 66 exist 1n 

e.p,precia.ble quantities below 3rxP c, require reoa.leulat1on beca.use 

ot tbe evidence presented here for the existence of 5.r and S; 

l'JX)lecules ~ 
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Tile vn.por deno:ity racasurt~llJCnt~ •r.aclc by :Braune et al. e.pr.lCa.r to 

be Q1-!ite c;ooa, no that t!·te lir.rltinc factor in thelX' accuro.cy in 

probably the c:ctil-apolo.tion required of virtually all of their data 

in order to obtain vapor denoities for the Gaturatcd va.por. As noted 

previously 1 the valur;;s of' n obtained by ca.lculations based ou their 

mental mca.s~incnt r0qttire re-evaluation. 

The mass spec'cror;r:Jtl'~ic worl~ of Brad:t et n.l. \TO.S not c1esic;ned to 

provide information e.1)out the coraposition of sulfur vapor~ and the 

tl1il3 inveot1ga.t:lon ia o.lJnost \Titbi!l the t'lUt\.lal O'q>eriznentoJ. erroroo 

Since the oond.:Ltiona Ul"ldc:r which thia '\((,)Tll'. WaG r>eri"ormed virtua.Uy 

elimino.ted contributions from tll•a ion:bation chamber~ a.nd since the 

' 
sulfur, 1 t ie l)elicved that thc 9 ~ 8 ·t 0. 4 cv a:weal"a.uca potel"l.tial 

Obtained boro for Sa+ is the mol"e accurc;l;;e Vo.ltlt:3 • 

'l."he conclusions of C-oldf1n@r et. W. ~ concerning tbe Jtnture of 

their experiro.onte.l findingso Their <'.lata could. as easily be inter ... 

preted as random scatter as showing "the shift of the ionic intenai tie a 

tmmrd lmrer molccuJ.a.t• speo1es" as a result of increasing the tersu;~era, .. 

ttu:-e of the upper portion of their t1~-tempcratm-e tube. Also j the 

predominance of the s2+ ion current (columns IV' through VI 9 Tal1le I) 

strone;ly sugc-csts that their observed ion cun•c.m-t.s •rere :wore indic• 

ntive of sul.f'ur va:_por partiaJ.ly cqullibro.tcd lrith the electron 

f.il.oJ1.1cnt thun of S'ttlfu.r vo.por effusinc; from their two ... teJ'llPCl"tl.ture 

tube.. If their ato.tcmcntn ( quotecL in the 1ntroc1uction to thio ·vorl~) 
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that f'ragment.ation reactions did not provide the major portion of the 

ion currents they observed are used as a basis for calculating n from 

their ion currents, the disagreement With all. vapor-density measUre

ments is reall.y violent, 

Their conclusion that a neu.tral s
9 

molecule exists appe'ars to 
. + 

be based on a single observation of a small s9 ion current when tbo 

high vapor pressure of su.l.tUr in their ionization chamber would be 

quite conducive to the occurrence ot addition reactions, and disagrees 

with the observations of Bradt et al, and this work. 

General 

The information that odd numbered molecules exist 1n 'suJ.i\1r vapor 

is an unuPected result or this work. There is no apparent reason for 
( 

. . . ( 

assuming that only even numbered molecules exist, althoUgh ithe presence 

of s7 and S51 and preSUl118.b~ at higher temperatures ot ·s
3

, certa.inl;r 

complicates the picture or sultUr vapor. It would appear that . s
7
, 

s6, and s5 are rl.ng molecules for several reasons. Rings are to be 

expected unless·'- the strain energy of a ring structure plus the product 

ot the temperaturu and the entropy change tar ring opening is comparable 

to the energy of an S.S bond. The energy o£ a sul.tur-sulfur bond is of 

the order or S0-60 kcal (the ditferenoe between A Hs o£ OS to Ss(g) 

and of 8S to 8S (g) times l/8.) 'l'he ·mtropy of ring opening cannot 

amount to more than a few cal. mole·1 deg-1, end at sooOx the contribu

tion of an entropy difference of' even 10 oaf. mole •1 deg -l to a reaction 

tree enerrg is on3.¥ $ kcal. Unless the strain energy of e. ring is 40 w 

more kcal, a ring molecule must be more· stable than the carresp0%'.lding 

'·' " 

. ' 



-76-

straight chain molecule. For hydrocarbons strain energies are small for 

rings of five or more members, so that strain energy should also be small 

for sulfur rings of five or more members and ring molecules should be 

expected to be more stable than linear molecules for temperatures in the 

rapge studied _;i.n this work. 

Si~ce rhombic sulfur is known to contain eight number~ rings and, 

Donohue et al have found a solid modification olt sulfUr that contains s6 rings, 

there is direct evidence that both Sg and s6 rings exist. The fact that 
+ + + + . 

appearance potentials for the four ions; s5 ' s6 ' s7 , and s8 are identical 

to within experimental error suggests that the ions are produced b~ 

reaction with molecules of similar stabilities toward simple ionization. 

Sg (gas.) is known to be a ring; the implication is that s
5

, s6, and s
7 

IllB.T 

also be ring molecules. 

The complete absence of s9 or higher molecular weight molecules 

in the vapor is probably because s8 is the vaporizing species, with s7, 

S6, and s5 resulting from s8 dissociation. (The observations that 

+;· . + the s7 s8 ratio approached zero were made when the sulfur vapor had 

not equilibrated with the condensed phase8 ) It would be quite interesting 

to study sulfUr vapor evaporating under Langmuir conditions at a 

temperature at which the equilibrium concentr~tion of s
7 

is appreciable; 

in order to determine whether or not s
7 

arises from dissociation of s
8 

or from direct evaporation. The largest orifice used during this study 

~ was 0.010 in. in diameter» which did not produce significantly different ,, 
s7Js8 ratios. In order to use a sufficiently large orifice to 

investigate the evaporating species, it would be necessary to have a 

much larger sample of sulfur and a means of removing alll "secondarY" 
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sulfure The sulfUr source used for this study could not be adapted for 

use with larger molecular beams, since: even if the shutter were placed 

directly over the effusion hole, the vapor pressure of sulfur within the 

source would be so large that it would undoubtedly eclipse the effusing 

vapor. 
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CONCLUSIONS 

The results of this study lead to the conclusion that sulfur vapor in 

equilibrium with the condensed phase, in the: temperature range of 120 to 

210° C, contains appreciable quantities of s
8

, s
7

, s
6

, and s
5 

molecules: only. 

It appears that all four of these molecules are ring shaped rather than 

linear, and that s7, s6, and s5 most likely result from dissociation of. 

Sg, which is evidently the vaporizing species. It was not po,ssible to 

establish the quantitative composition of the vapor, but upper limits were 
' 

obtained for s8 and s7 at 120°0 o~ 86% and ~ respectively. 

The ionization potentials of s8, s7, s6,, and s
5 

appear to be identical 

and are equal to 9~8 0.4 ev. It was not possible to determine absolute 

values of the heats of vaporization,' btrt the results indicate that the heat 

of vaporization of s
7 

is 2.5 kcal greater than that of s8 at 120°C to 2l0°C. 

Information was also obtained that sulfur vapor impinging o~ a 

-50°C copper surface apparently has a finite probability of being refleeteld. 
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